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c orrosion is the degradation of metal or alloy by chemical or electrochemical reaction with its environment'"^. It is a major problem in several industries. It causes enormous economic wastage 
of metallic materials, which leads to heavy economic losses all over the 
world. The direct cost includes the replacement of corroded components, use 
of corrosion resistant alloys, use of coating and inhibitors etc. The indirect 
costs are loss of production during downtime, loss of products due to 
leakage, loss of efficiency, contaminations^"* and sometimes it causes loss of 
human lives due to explosion/fire. The cost of corrosion can be reduced to an 
extent of 25% by applying some corrosion control techniques^. The prevalent 
corrosion control techniques are materials selection, proper design, 
electrochemical protection and use of inhibitors and paints/coatings. Among 
these methods, inhibitors are used in a wide range of applications, such as oil 
pipelines, domestic central heating systems, industrial water-cooling systems 
and metal extraction plants. The advantage of corrosion inhibitor is that it can 
be implemented or charged in situ without disrupting a process and is also a 
cost effective method . The major industries using corrosion inhibitors are 
the oil and gas exploration and production industry, the petroleum refining 
industry, the chemical industry, heavy industrial manufacturing industry, 
water treatment facilities, and the product additive industries. Due to ease of 
application and cost effectiveness, the use of inhibitors has increased 
manifold during the past several years. 
Mild steel is one of the most important engineering metal, owing to 
its low cost and excellent mechanical properties. It is widely used as a 
construction material. In petroleum refineries^ mild steel is used for the 
construction of components in fractionafion tower, separator drums, heat 
exchangers shell and tubes, reactor cladding, tubes in furnaces, piping and 
reboiler tubes etc. The mild steel is severely attacked in acid solutions by 
hydrogen sulphide, hydrochloric acid, hydrofluoric acid, sulphuric acid, 
formic acid, acetic acid and caustic in oil sector during processes related to 
drilling and distillation. 
Aluminium has also great economic and industrial importance owing 
to its low cost, lightweight and high thermal and electrical conductivity. An 
important feature of aluminium is its corrosion resistance due to the 
formation of a protective film on its surface upon exposure to the atmosphere 
or aqueous solutions^"". Hydrochloric and sulphuric acids solutions are used 
for pickling of aluminium or for its chemical or electrochemical etching. It is 
very important to add a corrosion inhibitor to decrease the rate of aluminium 
dissolution in such solutions. 
Keeping in view of the importance of mild steel and aluminium in 
various industries and plants, a systematic study has been planned and 
carried out with an aim to reduce its dissolution or corrosion in acidic media. 
The different organic compounds containing nitrogen and sulphur as 
heterocycle tried were thiadiazoles, imidazolines, triazoles and azathiones 
derivatives in 1.0 mol dm"^  HCl / 0.5 mol dm'^  H2SO4 and 20% HCOOH / 
20% CH3COOH. The name, abbreviation and structure of these compounds 
are given in Table 1. The techniques such as weight loss, potentiodynamic 
polarization, electrochemical impedance and scanning electron microscopy 
were employed for the evaluation of inhibitive properties of thiadiazoles, 
imidazolines, triazoles and azathiones. These works have been described in 
this thesis entitled "Inhibition of metallic corrosion in acid solutions by some 
heterocyclic compounds". 
The thesis has been divided into six chapters. The first chapter 
describes the general introduction on corrosion, mechanism of corrosion, 
electrochemical behaviour of corrosion, various methods to control 
corrosion, role of inhibitors in controlling corrosion rate and survey of 
literatures regarding the use of thiadiazoles, imidazolines, triazoles and 
azathiones in corrosion control. In the end, the outline of the works carried 
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out on the corrosion inhibition characteristics of thiadiazoles, imidazolines, 
triazoles and azathiones have been presented in 'statement of the problem'. 
The materials used and the experimental conditions for the study are 
given in Chapter 2. The method for the synthesis of inhibitors along with 
their characterization details is also given in this chapter. The details of the 
used techniques namely, weight loss, potentiodynamic polarization, 
electrochemical impedance and scanning electron microscopy are given and 
have been discussed in this Chapter. 
Chapter 3 describes the resuhs and discussion on the observed 
inhibition efficiency of thiadiazoles under varying experimental conditions. 
The dependence of inhibition efficiency on [inhibitor], immersion time, 
temperature, and [acid] were studied and the results are presented graphically 
in Figures 1 and 2. The corrosion inhibition by thiadiazoles on mild steel 
showed an increase in inhibition efficiency with increase in [inhibitor] from 
10-100 ppm in 1.0 mol dm'^  HCl / 0.5 mol dm"^  H2SO4 medium at 30 °C for 
2h immersion time; and decreases with increase in immersion time from 2 to 
24 h at 30 °C in 1.0 mol dm"^  HCl / 0.5 mol dm"^  H2SO4 in lOOppm of 
thiadiazole concentration. An increase in inhibition efficiency was observed 
with the increase in solution temperature from 30 to 60 °C in 1.0 mol dm" 
HCl / 0.5 mol dm'^  H2SO4 at thiadiazole concentration of lOOppm for 2 h 
immersion time. The variation in [acid] from 1-3 mol dm" for HCl / 0.5-1.5 
mol dm"^  for H2SO4 in lOOppm of thiadiazoles after dipping for 2 h at 30 "C 
have shown no significant change in inhibition efficiency. The various 
thermodynamic parameters'^"''*, for the adsorption of inhibitor on metal 
surface were determined by using the following relations and the values 
are given in Table 2. 
log(CR)- "^^ + A 
2.303RT 
AGads = -RT In (55.5K) 
CR - — exp 
Nh V R J 
exp 
( AH^ 
RT V ^ i y 
Slope=• ^ 
2.303 i? 
ti/2=0.693/k 
The values of corrosion current density (Icon-), corrosion potential 
(Ecorr), inhibition efficiency'^ and tafel slope constants (bg & be) were 
determined with the help of Tafel plots and are given in Table 5. The values 
of Rt and Cji calculated from Nyquist plot are presented in Table 8. The 
corrosion inhibiting properties shown by thiadiazoles is due to its molecular 
adsorption to the metallic surface. These compounds are adsorbed on the 
mild steel surface, as it is evident from the SEM studies. The values of AG 
also support the strong adsorption between thiadiazoles and metal surface. 
The adsorption of these compounds may be through lone pair of electrons of 
N or / and S- atoms. The presence of the propyl group in APT increases the 
density of electrons on sulphur and nitrogen atoms due to +1 effect, which 
facilitate stronger adsorption of APT on the mild steel surface. This leads to 
higher corrosion inhibition efficiency of APT than other thiadiazole 
compounds. Among the thiadiazoles the corrosion efficiency decreases with 
decrease in the number of carbon atoms because of the decrease in the 
electron density on the nitrogen and sulphur atoms. 
APT >AET >AMT > AT 
(C3) (C2) (CO (H) 
The thiadiazoles gave better inhibition efficiency in H2SO4 than HCl 
as sulphur containing compounds are better adsorbed on mild steel in H2SO4 
than in HCl'^ 
Chapters 4, 5 and 6 deal with the studies on the corrosion inhibiting 
behaviour of imidazolines, triazoles and azathiones, respectively. The 
inhibiting properties of these compounds were studied by employing weight 
loss, potentiodynamic polarization, AC impedance and SEM methods. The 
weight loss studies in presence of these inhibitors were performed under the 
varying conditions of temperature, [acid], [inhibitor] and immersion time. 
The results of these studies for imidazolines, triazoles and azathiones are 
presented in Figures 3-8. 
Imidazolines have shown an increase in inhibition efficiency with 
increasing [inhibitor] from 25-500ppm in 1.0 mol dm'^  HCl / 0.5 mol dm"' 
H2SO4 solution after dipping for 2 h at 30 °C. It shows a decrease in 
inhibition efficiency with increasing immersion time from 2-24h at SOOppm 
of imidazolines in 1.0 mol dm"^  HCl / 0.5 mol dm"^  H2SO4 at 30 °C. The 
increase in solution temperature from 30 to 60 °C resulted into a decrease in 
inhibition efficiency in 500ppm imidazolines in 1.0 mol dm"^  HCl / 0.5 mol 
dm" H2SO4 for 2h immersion time. The increase in [acid] from 1-3 mol dm" 
in HCl / 0.5-1.5 mol dm''' in H2SO4, increased the inhibition efficiency at 
500ppm imidazolines at 30 °C for 2h immersion time. 
The increase in [triazoles] from 25-500ppm, increased the inhibition 
efficiency in presence of 20% HCOOH / 20% CH3COOH for 24 h immersion 
time at 30 °C while it showed a reversed order in inhibition efficiency values 
with increase in immersion time from 24 to 120 h at 30 °C in 20%) HCOOH / 
20% CH3COOH at 500ppm of triazoles. An increase in inhibition efficiency 
was observed with increase in temperature from 30 to 60 °C in 20% HCOOH 
/ 20% CH3COOH in presence of 500ppm triazoles after dipping for 24 h and 
have shown no significant change in inhibition efficiency on variation of 
formic acid concentration from 10-20 % at triazole concentration of 500ppm 
and a decrease in inhibition efficiency on further increase in [acid] from 20-
30% was observed. With increase in [acetic acid] from 10-30%), a decrease in 
inhibition efficiency values was observed. 
The addition of azathiones increased the inhibition efficiency in the 
concentration range from 25-500 ppm in 20% HCOOH / 20% CH3COOH 
solution at 30 °C. The inhibition efficiency decreased with increase in 
immersion time from 24 to 120 h at 30 °C in presence of 500ppm azathiones 
in 20% HCOOH / 20% CH3COOH. An increase in inhibition efficiency 
resulted with the rise in temperature from 30 to 60 X in 20% HCOOH / 20% 
CH3COOH at 500 ppm azathione concentration for 24 h immersion time. The 
increase in [formic acid] from 10-30% did not change the inhibition 
efficiency significantly in 500ppm azathiones at 30 °C but the increase in 
[acetic acid] from 10-20% increased the inhibition efficiency. On further 
increase in acetic acid concentration to 30 % decreased the inhibition 
efficiency at 500ppm azathione concentration. The order of inhibition 
efficiency among the studied imidazoline, triazole and azathione compounds 
were found to be as follows: 
Imidazolines: UDI > Nl > PDI > HDI 
Triazoles : UPMT > NPMT > PPMT > HPMT 
Azathiones : IBMTAT > CHTAT > CPTAT 
UDI displayed higher inhibition efficiency than the other imidazoline 
compounds because the increase in chain length makes it more hydrophobic. 
The further increase in chain length causes decrease in number of molecules 
(i.e. imidazoline rings) in a fixed mass of inhibitor (SOOppm) and also the 
effective chain length decreased due to coiling of long chained hydrocarbon. 
These factors result into decrease in inhibition efficiency. The aliphatic 
triazoles were found to be more effective inhibitor in 20% formic acid than 
20% acetic acid solution. The superior performance of triazoles derivatives 
can be attributed to the presence of an additional benzene ring and the 
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presence of three nitrogen atoms in the molecule. IBMTAT possesses 
higher inhibition efficiency than the other azathiones because it covers larger 
surface area of metal due to the presence of hydrophobic alkyl chain in the 
molecule. The adsorption of azathiones followed Langmiur adsorption 
isotherm. 
The mechanism of adsorption of alkyl chain containing heterocycles 
on metal surface can be represented schematically by the following figures 
(Figures 1-3), depending upon the concentration of inhibitors. At lower 
concentration, the whole of the inhibitor molecules are adsorbed through the 
ring as well as through hydrophobic alkyl chain. With the increase in 
concentration, more and more inhibitor molecules are adsorbed to the metal 
surface through the ring present in the molecule and the lateral interactions in 
the hydrocarbon chain prevent the H^ from attacking to the metallic surface 
and thus reduce the corrosion rate. 
Fig. 1. At lower inhibitor concentration 
Fig. 2. At higher inhibitor concentration 
Fig. 3. At further higher inhibitor concentration 
The thermodynamic parameters and observed data for electrochemical 
studies are given in Tables 3-4 and 6-8. Various thermodynamic parameters 
like activation energy, free energy of adsorption, heat of adsorption, enthalpy 
of activation and entropy of activation were also calculated to elaborate the 
mechanism of corrosion inhibition. The values of heat of adsorption (<-40 kJ 
mol" ) for inhibitors (thiadiazole, imidazoline, triazole and azathione) suggest 
physical adsorption. The addition of thiadiazoles and triazoles lowers the 
values of activation energy in acid solution while there is a decrease in value 
of energy of activation in acid solution by addition of imidazolines and 
azathiones. The variation in the values of AH in the presence of thiadiazoles. 
imidazolines, triazoles and azathiones may be due to the energy released 
during the adsorption of inhibitors at metal surface'^. 
The values of entropy of activation AS in the absence and presence of 
thiadiazoles, imidazolines, triazoles and azathiones are negative and large'''. 
This indicates that the activated complex formed during the adsorption of 
inhibitor processes is an associative in nature rather than dissociative step. 
Therefore, a decrease in disordemess takes place during the transformation 
20 
from reactants to the activated complex . 
The lower values of AGads indicate that thiadiazoles, imidazolines, 
triazoles and azathiones are physically adsorbed on the metal surface . The 
negative values of AGads suggest the adsorption of inhibitor on the surface of 
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metal is a spontaneous process . 
The half-life (ti/2) values obtained indicate the durability of inhibitor 
film on the mild steel /aluminium surface under the studied conditions'^ 
REFERENCES 
1. L. Shreir, Corrosion, 1 (1978) 16. 
2. F. N. Spellar, ''Corrosion: causes and prevention- An Engineering 
Problem'', Mc Graw Hill, New York (1935). 
3. K. Elayapursemal, Trans. SAEST, 17 (1982) 2. 
4. K. S. Rajagopalan, "An Introduction to Corrosion ControP', Colour 
Publication, Bombay (1988). 
5. O. L. Riggs and C.E. Locks, "Anodic Protection Theory and Practice 
in the Prevention of Corrosion", Premium Press, New York (1981). 
6. NACE- Glossary of Corrosion Terms, Mat. Prot., 4 (1965) 79. 
7. G. L. Cherepakhova, A. V. Shreider and G. P. Charikova, Chemical 
and Petroleum Engineering, 6 (1970) 490. 
8. J. H. Martin, ''Concise Encyclopedia of the Structure of Materials'", 
Elsevier (2006) 418. 
9. C. M Brett, Corros. Sci., 33 (1992) 203. 
10. T. R. Beck, Electrochim. Acta, 33 (1998) 1321. 
11. F. Hunkeler, G. S Frankel and H. Bohni, Corrosion, 43 (1987) 189. 
12. C. B. Breslin and W. M. Carrol, Corros. Sci., 34 (1993) 327. 
13. M. G. A. Khedr and M. S. Lashien, Corros. Sci., 33 (1992) 137. 
14. S. S. Abd-El-Rehim, H. H. Hassan and M. A. Amin, Mater. Chem. 
Phys., 70(2001)64. 
15. A. Raman and P. Labini, "Reviews on Corrosion Inhibitiors Science & 
Technology", Houston, NACE (1986). 
16. S. Turgoose and W. Bullough, Corrosion, 2 (1994) 11. 
10 
17. M. A. Quraishi and D. Jamal, J. Appl. Electrochem., 32 (2002) 425. 
18. F. Bentiss, M. Lebrini and M. Lagrenee, Corros. Sci., 47 (2005) 
2915. 
19. A. Yurt, A. Balaban, S. U. Kandemir, G. Bereket and B. Erk, 
Mater. Chem. Phys., 85 (2004) 420. 
20. M. K. Comma and M. H. Wahdan, Mater. Chem. Phys., 39 (1995) 
209. 
21. S. Brinic, Z. Grubac, R. Babic and M. Metikos-Hukovic, 8* Euro. 
Symposium on Corrosion Inhibitors, Ferrara, Italy (1995) 197. 
22. C. K. Comma and M. H. Wahdan, Ind. J. Chem. TechnoL, 2 (1995) 
107. 
23. O. K. Orubite and N. C. Oforka, J. Appl. Sci. Environ., 8 (2004) 57. 
11 
Table 1: Name, Abbreviation and Structure of the studied compounds 
S.No 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Name of the compounds 
(Abbreviated) 
2-Amino-l, 3, 4- thiadiazole 
(AT) 
2-Amino -5-methyl -1, 3, 4-
thiadiazole (AMT) 
2-Amino -5-ethyl- 1, 3, 4-
thiadiazole (AET) 
2-Amino-5-propyl-1, 3, 4-
thiadiazole (APT) 
2-Nonyl-l, 3-imidazoline 
(NI) 
2-Undecyl -1,3-iniidazoline 
(UDI) 
2-Pentadecyl -1, 3-imidazoline 
(PDI) 
2-Heptadecyl-1, 3-imidazoline 
(HDI) 
Structure 
N N 
N N 
N N 
H 5 C 2 ^ S ^ N H 2 
N N 
H 7 C 3 ^ S ^ N H 2 
V^X(CH2)g-CH3 
\ ^ ^ ( C H 2 ) i ( ^ C H 3 
1 
V^X(CH2)i4-CH3 
V^^(CH2),6-CH3 
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9. 5-Nonyl-4-phenyl-3-mercapto 
l,2,4-triazole(NPMT) 
N N 
CH3-(CH2)8^^^AsH N ' 
10. 5-Undecyl-4-phenyl-3-
mercapto-1, 2,4-triazole 
(UPMT) 
N N 
CH3—(CH2)io-' 
• N ' 
~SH 
11. 5-Pentadecyl-4-phenyl-3-
mercapto-1, 2,4-triazole 
(PPMT) C H 3 - ( C H 2 ) , 4 / ^ x T ^ S H 
N N 
12. 5-Heptadecyl-4-phenyl-3-
mercapto-1, 2,4-triazole 
(HPMT) 
N N 
13. Cyclopentyl-tetrahydro-
azathione (CPTAT) 
HN NH 
I I 
HN NH 
14. Cyclohexyl-tetrahydro-
azathione (CHTAT) 
HN NH 
I I 
HN NH 
15. Isobutyl-methyl-tetrahydro-
azathione (IBMTAT) 
(CH3)2CH-CH2^ CH3 
HN NH 
I 1 
HN NH 
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Table 2: Thermodynamic activation parameters for corrosion of mild steel 
in HCl / H2SO4 in the absence and presence of thiadiazoles. 
System 
HCl 
AT 
AMT 
AET 
APT 
H2SO4 
AT 
AMT 
AET 
APT 
(kJ mol') 
57.33 
52.84 
51.44 
46.95 
38.23 
56.73 
53.68 
44.81 
42.95 
50.10 
-AH 
(kJ mol"') 
57.40 
103.00 
60.90 
73.60 
47.85 
59.22 
18.06 
25.47 
20.33 
27.13 
-AS 
(J mol'K-') 
197.59 
226.31 
228.23 
230.15 
230.15 
199.51 
224.40 
231.11 
227.28 
239.24 
-AGads 
(kJ mol') 
-
37.74 
38.07 
39.22 
39.22 
-
38.01 
38.87 
39.99 
42.23 
-Q 
(kJ mol') 
-
5.74 
11.43 
19.14 
19.14 
-
28.70 
9.57 
6.38 
3.83 
-3. [Thiadiazoles] = lOOppm; [HCl] = 1.0 mol dm"7 [H2SO4] = 0.5 mol dm"'; Time 
= 2 hours 
14 
Table 3: Thermodynamic activation parameters for corrosion of aluminium 
in HCl / H2SO4 in the absence and presence of imidazolines. 
System 
HCl 
UDI 
NI 
PDI 
HDI 
H2SO4 
UDI 
NI 
PDI 
HDI 
Ea 
(kJ mor') 
9.57 
67.02 
60.03 
57.44 
47.86 
12.76 
25.53 
31.89 
35.10 
25.53 
-AH 
(kJ mol'*) 
22.34 
76.58 
60.63 
31.90 
25.53 
9.57 
31.91 
28.72 
22.53 
19.15 
-AS 
(J mol'^K"') 
189.94 
210.70 
207.17 
205.26 
199.51 
194.7 
207.17 
204.94 
198.56 
201.43 
-AGads 
(kJ mol"') 
-
35.18 
33.12 
32.59 
31.52 
-
32.32 
31.20 
30.89 
30.48 
-Q 
(kJ mol') 
-
38.29 
35.10 
31.90 
28.72 
-
26.17 
25.53 
24.25 
22.97 
[Imidazolines] = 500ppm; [HCl] = 1.0 mol dm"7 [H2SO4] = 0.5 mol dm"; 
Time = 2 hours 
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Table 4: Thermodynamic activation parameters for corrosion of mild 
steel in HCOOH / CH3COOH in the absence and presence of 
triazoles and azathiones respectively. 
System 
HCOOH 
UPMT 
NPMT 
PPMT 
HPMT 
CH3COOH 
UPMT 
NPMT 
PPMT 
HPMT 
Ea 
(kJ mol"') 
51.24 
25.86 
37.43 
48.12 
49.64 
26.45 
20.27 
18.16 
16.30 
15.43 
-AH 
(kJ mol') 
25.53 
31.93 
12.76 
9.57 
7.66 
28.72 
12.76 
9.57 
5.11 
4.79 
-AS 
(J mol'^K') 
226.31 
270.36 
260.69 
255.99 
253.12 
222.49 
260.78 
255.04 
250.25 
245.46 
-AGads 
(kJ mol') 
-
39.96 
39.09 
38.23 
37.97 
-
37.80 
36.07 
36.25 
35.18 
-Q 
(kJ mol"') 
-
39.57 
25.53 
15.96 
6.38 
-
21.06 
17.03 
14.68 
5.74 
[Triazoles] = 500ppm; [HCOOH] / [CH3COOH] = 20%; Time = 24 hours 
HCOOH 
CPTAT 
CHTAT 
IBMTAT 
CH3COOH 
CPTAT 
CHTAT 
IBMTAT 
[Azathiones] = 
51.24 
69.47 
75.20 
87.36 
26.45 
30.17 
42.89 
56.30 
= 500ppm; [H 
25.53 
12.53 
15.96 
22.34 
28.72 
15.96 
6.38 
9.57 
[COOH] / [C] 
226.31 
233.98 
235.89 
241.64 
222.49 
239.72 
245.46 
247.38 
H3C00H]= 2( 
-
31.20 
32.23 
33.33 
-
31.53 
32.35 
32.61 
)%; Time = 
-
8.93 
5.10 
10.84 
-
10.85 
9.57 
6.38 
24 hours 
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Table 5: Electrochemical polarization parameters for the corrosion of mild 
steel in HCl / H2SO4 containing thiadiazoles. 
System 
HCl 
AT 
AMT 
AET 
APT 
H2SO4 
AT 
AMT 
AET 
APT 
*^corr 
(mV) 
-525.00 
-538.00 
-523.00 
-523.00 
-515.00 
-533.00 
-513.00 
-537.00 
-543.00 
-530.00 
^corr 
(mA cm"^ ) 
0.350 
0.080 
0.060 
0.058 
0.055 
0.360 
0.100 
0.095 
0.040 
0.029 
IE 
(%) 
77.14 
82.86 
83.43 
84.29 
72.22 
73.61 
88.89 
91.94 
ba 
(mV dec'') 
60 
63 
70 
58 
67 
87 
80 
83 
93 
90 
be 
(mV dec ') 
130 
150 
143 
137 
157 
143 
137 
160 
137 
140 
[Thiadiazoles] = lOOppm; [HC1]= 1.0 mol dm^V [H2SO4] =0.5 mol dm"^ Temp 
30 °C 
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Table 6: Electrochemical polarization parameters for the corrosion of mild steel 
in HCI / H2SO4 containing imidazolines. 
System 
HCI 
UDI 
NI 
PDI 
HDI 
H2SO4 
UDI 
NI 
PDI 
HDI 
i^corr 
(mV) 
-902.00 
-898.00 
-893.00 
-890.00 
-888.00 
-890.00 
-884.00 
-879.00 
-880.00 
-875.00 
*eorr 
(mA cm"^ ) 
4.490 
0.089 
0.106 
0.184 
0.303 
4.160 
0.320 
0.479 
0.681 
0.826 
IE 
(%) 
-
98.02 
97.63 
93.91 
93.25 
-
92.30 
88.47 
83.63 
80.15 
ba 
(mV dec"*) 
68 
60 
54 
56 
50 
56 
50 
40 
54 
54 
be 
(mV dec"') 
174 
170 
126 
114 
100 
120 
84 
110 
94 
134 
[Imidazolines] = 500ppm; [HCI] = I.O mol dm"^ / [H2SO4] =0.5 mol dm'^ ; 
Temp = 30 °C 
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Table 7: Electrochemical polarization parameters for the corrosion of mild 
steel in HCOOH /CH3COOH containing triazoles and azathiones 
respectively. 
System 
HCOOH 
UPMT 
NPMT 
PPMT 
HPMT 
CH3COOH 
UPMT 
NPMT 
PPMT 
HPMT 
[Triazoles] = 
HCOOH 
CPTAT 
CHTAT 
IBMTAT 
CH3COOH 
CPTAT 
CHTAT 
IBMTAT 
^corr 
(mV) 
-416.00 
-420.00 
-402.00 
-423.00 
-395.00 
-402.00 
-406.00 
-390.00 
-412.00 
-418.00 
SOOppm; [H( 
-416.00 
-400.00 
-420.00 
-428.00 
-402.00 
-390.00 
-408.00 
-415.00 
^corr 
(mA cm" )^ 
0.350 
0.0035 
0.0051 
0.0094 
0.0154 
0.240 
0.005 
0.013 
0.015 
0.022 
:00H] / [CH 
0.350 
0.055 
0.041 
0.026 
0.240 
0.041 
0.036 
0.025 
IE 
(%) 
-
99.02 
98.54 
97.30 
95.60 
-
97.90 
94.70 
93.90 
90.83 
3C00H]= 20« 
-
84.28 
88.29 
92.57 
-
82.50 
85.00 
89.58 
ba 
(mV dec') 
68 
64 
60 
66 
70 
60 
52 
54 
58 
56 
Vo; Temp = 2 
68 
64 
54 
66 
60 
50 
54 
56 
be 
(mV dec"') 
104 
106 
100 
112 
120 
100 
96 
92 
104 
98 
0°C 
104 
114 
120 
116 
100 
96 
104 
106 
[Azathiones] = 500ppm; [HCOOH] / [CH3C00H]= 20%; Temp = 30 °C 
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Table 8: Dependence of electrochemical impedance parameters for mild 
steel / aluminium in H2SO4 / HCl respectively and mild steel in 
HCOOH. 
System Rt 
(ohm cm )^ 
dl 
( i^F cm"0 
IE 
(%) 
H2SO4 
APT 
10 
50 
100 
38.00 
100.45 
157.62 
260.83 
1756.80 
959.67 
785.02 
337.96 
^ 
83.00 
89.21 
93.48 
[H2SO4] = 0.5 mol dm"'; Temp = 30 °C 
HCl 
UDI 
25 
100 
500 
16230.00 
18360.00 
93650.00 
247030.00 
4.51 
3.52 
0.74 
0.29 
70.19 
82.67 
93.43 
Ti. [HCl] = 1.0 mol dm"-'; Temp = 30 °C 
HCOOH 
UPMT 
25 
100 
500 
IBMTAT 
25 
100 
500 
75.00 
498.89 
635.73 
841.04 
267.53 
509.06 
764.18 
1862.09 
342.68 
285.91 
250.52 
142.57 
136.41 
130.56 
-
88.17 
90.43 
93.60 
71.89 
85.23 
90.16 
[HCOOH] =20%; Temp = 30 °C 
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Fig, 1. Plot of variation of inhibition efficiency on (a) [thiadiazole]; [HC1]=1.0 
mol dm" ; Temp = 30 °C; immersion time =2 hours (b) immersion time; 
[thiadiazole]=100ppm; [HC1]=1.0 mol dm"^ Temp = 30 "C (c) 
temperature; [thiadiazole]=100ppm; [HC1]=1.0 mol dm" ;^ immersion time 
=2 hours and (d) [HCI]; Temp=30 °C; [thiadiazole]=100ppm; immersion 
time =2 hours; for the corrosion of mild steel in HCI (1. AT; 2. AMT; 3. 
AET; 4. APT). 
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Fig. 2. Plot of variation of inhibition efficiency on (a) [thiadiazole]; [H2SO4]=0.5 
mol dm' ; Temp = 30 °C; immersion time =2 hours (b) immersion time; 
[thiadiazole]=100ppm; H2SO4=0.5 mol dm"^ Temp = 30 °C (c) 
temperature; [thiadiazole]=100ppm; [H2SO4]=0.5 mol dm"^ ; immersion 
time =2 hours and (d) [H2SO4]; Temp=30 °C; [thiadiazole]-100ppm; 
immersion time =2 hours; for the corrosion of mild steel in H2SO4 (1. AT; 
2. AMT; 3. AET; 4. APT). 
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Fig. 3. Plot of variation of inhibition efficiency on (a) [imidazoline]; [HC1]=1.0 
mol dm'^; Temp = 30 °C; immersion time =2 hours (b) immersion time; 
[imidazoline]=500ppm; [HC1]=1.0 mol dm'^; Temp = 30 °C (c) 
temperature; [imidazoline]=500ppm; [HC1]=1.0 mol dm'^; immersion time 
=2 hours and (d) [HCl]; Temp=30 °C; [imidazoline]=500ppm; immersion 
time =2 hours; for the corrosion of aluminium in HCl (1. UDI; 2. NI; 3. 
PDI; 4. HDI). 
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Fig. 4. Variation of inhibition efficiency on (a) [imidazoline]; [H2SO4]=0.5mol 
dm"''; Temp = 30 "C; immersion time =2 hours (b) immersion time; 
[imidazoHne]=500ppm; [H2SO4]=0.5 mol dm'^ Temp = 30 °C (c) 
temperature; [imidazoline]=500ppm; [H2SO4]=0.5 mol dm'"; 
immersion time =2 hours and (d) [H2SO4]; Temp=30 "C; 
[imidazoline]=500ppm; immersion time =2 hours; for the corrosion of 
aluminium in H2SO4 (1. UDI; 2. NI; 3. PDI; 4. HDI). 
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Fig. 5. Plot of variation of inhibition efficiency on (a) [triazole]; [HCOOH]=20%; 
Temp = 30 °C; immersion time =24 hours (b) immersion time; 
[triazole]=500ppm; [HCOOH]=20%; Temp = 30 °C (c) temperature; 
[triazole]=500ppm; [HCOOH]=20%; immersion time =24 hours and (d) 
[HCOOH]; Temp=30 °C; [triazole]=500ppm; immersion time =24 hours; 
for the corrosion of mild steel in HCOOH (1. UPMT; 2. NPMT; 3. PPMT; 
4. HPMT). 
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Fig. 6. Plot of variation of inhibition efficiency on (a) [triazole]; [CH3COOH] 
=20%; Temp = 30 °C; immersion time =24 hours (b) immersion time; 
[triazole]=500ppm; [CH3COOH] =20%; Temp = 30 °C (c) temperature; 
[imidazoline]=500ppm; [CH3COOH] =20%; immersion time =24 hours 
and (d) [CH3COOH]; Temp=30 °C; [triazole]=500ppm; immersion time 
=24 hours; for the corrosion of mild steel in CH3COOH (1. UPMT; 2. 
NPMT; 3. PPMT; 4. HPMT). 
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Fig. 7. Plot of variation of inhibition efficiency on (a) [azathione]; 
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(c) temperature; [azathione]=500ppm; HCOOH=20%; immersion time 
=24 hours and (d) [HCOOH]; Temp=30 °C; [azathione]=500ppm; 
immersion time =24 hours; for the corrosion of mild steel in HCOOH 
(l.CPTAT; 2. CHTAT; 3. IBMTAT). 
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^eneraC Introduction 
Corrosion is defined as the destruction or deterioration of metal or alloys because of its interaction with environment. It is generally accepted that corrosion is a reversion or a partial reversion from the 
metastable condition of the metal to its stable condition accompanied by a 
decrease in the free energy of the system. Corrosion is actually the most 
common electrochemical phenomenon experienced in day-to-day living. 
The interaction between metals and its environment modifies the 
properties of metal or alloys and sometimes it lead to impairment of the 
function of the metal. Metals or alloys are usually attacked by water (and 
moisture in the air), acids, bases, salts, oil, and other solid and liquid 
chemicals. Metals are also susceptible to corrosion when exposed to 
corrosive gaseous materials like free acid vapours, formaldehyde, ammonia 
and sulphur in vapour state. 
Corrosion has a major adverse impact on the economy of a nation. 
The loss to the world economy due to corrosion is in the billions of dollar 
per year. The loss due to corrosion has been estimated to be in the order of 2 
- 5% of the GNP of the country. In India the losses have been estimated 
approximately Rs. 25000 crores per year due to corrosion'. 
It is estimated that 25% of the total product of the metal and alloys 
go waste due to corrosion. Corrosion may lead to loss of capital assets such 
as industrial equipments and machinery requiring higher maintenance and 
replacement of various parts of equipments and plants. It may lead to 
shutting down of industries and hence causing great economic loss to 
workers and owners of industries. Corrosion in pipelines can hamper 
essential services like supply of water to many places and it further cause 
contamination of water leading to various health hazards. Corrosion is a 
relevant problem caused by water in boilers. Corrosion in boilers may be 
primarily due to reaction of the metal with oxygen; other factors such as 
stresses, acid conditions, and specific chemical corrodents may have an 
important influence and produce different forms of attack. It is necessary to 
consider the quantity of the various harmful substances that can be allowed 
in the boiler water without risk of any damage to the boilers. 
The corrosion is also important from safety point of view as it may lead 
to catastrophic consequences involving both men and money, e.g. explosion 
of aircraft in mid air due to corrosion fatigue of parts, or falling of structures 
for reinforcement, corrosion or breaking down of rusty worn out bridge that 
may sometimes result in an inevitable loss of human lives. 
1.1. CLASSIFICATION OF CORROSION 
Corrosion has been broadly classified into two types on the basis of its 
mechanism. 
They are: 
Dry or Chemical Corrosion 
Wet or Electrochemical Corrosion 
1.1.1. Dry Corrosion: Dry corrosion occurs in the absence of a liquid phase. 
It involves direct chemical reaction of a metal with its gaseous environment 
such as oxygen, halogen, hydrogen sulphide, sulphur dioxide, nitrogen or 
anhydrous inorganic liquid with metal surface in immediate proximity and 
involves no transport of electric charge and the metal remains film free. 
Vapours and gases are the corrodents and such corrosion occurs at high 
temperature. Examples of dry corrosion are tarnishing of copper and silver, 
corrosion in liquid metals, fiised halides and organic liquids. 
There are three main types of dry corrosion: 
(a) Oxidation corrosion: It is brought about by the direct action of 
oxygen at low or high temperatures on metals usually in the absence of 
moisture. 
2M -> 2M"^ + 2ne" (Loss of electrons) 
(Metal ions) 
n02+ 2ne' -> 2nO^' (Gain of electrons) 
(Oxide ions) 
The oxide films on Al, Sn, Pb, Cu, Pt, etc are stable, adhering and 
impervious in nature. 
(b) Corrosion by other gases: The extent of corrosive effect depends 
mainly on the chemical affinity between the metal and the gas (SO2, CO2, 
CI2, H2S, F2, etc) involved. The degree of attack depends on the formation of 
protective or non-protective films on the metal surface. 
The intensity or extent of attack decreases if the film formed is 
protective or non-porous (e.g. AgCl film, resulting from the attack of CI2 on 
Ag). But, when the film formed is non-protective or porous, the surface of 
the whole metal is gradually destroyed. For example, dry CI2 gas attacks on 
tin (Sn) forming volatile SnC^, (which volatilizes immediately), thereby 
leaving fresh metal surface for ftirther attack. 
(c) Liquid metal corrosion: It is due to chemical action of flowing liquid 
metal at high temperatures on solid metal or alloy. Such corrosion occurs in 
devices used for nuclear power. The corrosion reaction involves either: 
(i) Dissolution of a solid metal by a liquid metal or 
(ii) Internal penetration of the liquid metal into the solid metal. 
1.1.2. Wet Corrosion: Most of the corrosion reactions, especially those 
occurring in polar media are electrochemical in nature. The overall corrosion 
process is accompanied by considering the formation of cathodic and anodic 
areas on the metal surfaces in which less aerated part acts as an anode . 
M ^ ^ M"^ + ne" 
This reacfion constitutes the basis of corrosion of metals. 
For every oxidation reaction there must be a corresponding reduction 
reaction. A reduction reaction is indicated by the consumption of electrons. 
In aqueous solutions, various reduction reactions are possible depending 
upon the environment. Some of the possible reduction reactions are: 
Reduction of hydrogen ion in acidic solution: 
2¥t + 2e"-* H2 
Reduction of oxygen in weakly acidic solution: 
O2 + 4H^ + 4e' ^  2 H2O 
Reduction of oxygen in neutral and alkaline solution: 
02+2H20 + 4 e - ^ 4 0H-
Reduction of metal ions: 
M"+ + e- ^  M "^-'^ ^ 
M"^  + ne" - ^ M 
During corrosion, more than one anodic and cathodic reaction may 
occur. The corrosion reactions of mild steel in sulphuric acid contaminated 
by ferric ions occur as follows : 
Fe ^— Fe + 2 e (anodic reaction) 
Mn -— Mn + 2 e (anodic reaction) 
All the constituent metals of mild steel (e.g. Fe, Mn, etc.) go into the 
solution as their respective ions. The electrons produced by these anodic 
(oxidation) reactions are consumed by the following cathodic (reduction) 
reactions: 
Fe^^ + e" -^Fe^^ 
Removal of the Fe"'"^  ions reduces the corrosion rate. 
The corrosion reactions of aluminium occur as follows: 
During cell reaction, aluminium goes into solution as aluminium ion 
liberating electrons, which flow from anode to cathode. 
Al ^ Ap^ + 3e-
The cathodic reaction results into the liberation of hydrogen: 
H2O ^ ^ H^ + OH" 
3H* + 3e'^-> 3H 
3H + 3H -> 3H2 
In solution, Al^ ^ and 0H~ ions combine to form Al (0H)3. 
A1^^ + 30H~ -^ A1(0H)3 
When a metal or alloy is immersed in a conductive or corrosive 
environment, different potential zones are developed on the surface of metal 
or alloy due to the presence of different metallic phases, grain boundaries, 
segregates, crystalline imperfections, impurities, etc. This difference in 
potential leads to the formation of anodic and cathodic areas on the metallic 
surface where oxidation and reduction reactions occur, respectively. These 
areas are helpful in the formation of local action cells on the metallic 
surface*. Local action cell can also be formed in situations where there is a 
variation in the environmental factor such as temperature. The electrode 
potential can be calculated by using the Nemst equation: 
E.E + ^ l n - W 
where, 
Eo = Standard electrode potential 
R = Gas constant (8.314 JK"'mor') 
F = Faraday constant (96,500 coulombs) 
T = Absolute temperature (Kelvin, K) 
n = Number of the electrons transferred during the reaction 
[ox] = Concentration of oxidized species (mol dm"^ ) 
[red] = Concentration of reduced species (mol dm') 
1.2. ELECTROCHEMICAL BASIS OF CORROSION 
Most metallic corrosion occurs via electrochemical reactions at the 
interface between the metal and an electrolyte solution. Corrosion normally 
occurs at a rate determined by equilibrium between opposing 
electrochemical reactions. In anodic reaction, a metal is oxidized, releasing 
electrons while in the cathodic reaction; a solution species (often O2 or H )^ 
is reduced, removing electrons from the metal. At equilibrium, the flow of 
electrons from each reaction is balanced, and no net electron flows 
(electrical current). The two reactions can take place on one metal or on two 
dissimilar metals (or metal sites) that are electrically connected. 
M-> M"^+ ne' 
O2 + 2H2O + 4 e" -> 4 OH" (alkaline medium) 
2H^ + 2e'-> H2 
The theoretical current for the anodic and cathodic reactions are 
shown as straight lines (Figure 1.1). The curved line is the total current - the 
sum of the anodic and cathodic currents. This current is measured with 
potentiostat. The sharp point in the curve is actually the point where the 
current changes signs as the reaction changes from anodic to cathodic, or 
vice versa. The sharp point is due to the use of a logarithmic axis. The use 
of a log axis is necessary because of the wide range of current values that 
must be displayed during a corrosion experiment. Because of the 
phenomenon of passivity, it is not uncommon for the current to change by 
six orders of magnitude during a corrosion experiment. 
The equilibrium potential assumed by the metal in the absence of 
electrical connections to the metal is called the Open Circuit Potential, EQ. 
In most electrochemical corrosion experiments, the first step is the 
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measurement of EQC- The value of either the anodic or cathodic current at EQC 
is called the Corrosion Current, Icon-. Icon- can be used to calculate the 
corrosion rate of the metal. Unfortunately, Icon-cannot be measured directly. 
However, it can be estimated using electrochemical techniques. In any real 
system, Icon- and Corrosion Rate are a function of many system variables 
including type of metal, solution composition, temperature, solution 
movement, metal history, and many others. 
Because corrosion occurs via electrochemical reactions, 
electrochemical techniques are ideal for the study of the corrosion processes. 
In electrochemical studies, a metal sample with a surface area of a few 
square centimeters is used to model the metal in a corroding system. The 
metal sample is immersed in a solution typical of the metal's environment in 
the system being studied. Additional electrodes are immersed in the 
solution, and all the electrodes are connected to potentiostat from which the 
potential of the metal sample is charged in a controlled manner and the 
current that flows as a function of potential is measured. 
Both controlled potential (potentiostatic) and controlled current 
(galvanostatic) polarization is useful. When the polarization is done 
potentiostatically, current is measured, and when it is done galvanostatically, 
potential is measured. When the potential of a metal sample in solution is 
forced away from EQC, it is referred to as polarizing the sample. The 
response (current) of the metal sample is measured as it is polarized. The 
response is used to develop a model of the sample's corrosion behavior. 
On increasing the potential to an anodic region (towards positive 
potentials from EQC) an increase in the rate of the anodic reaction (corrosion) 
and decrease in the rate of the cathodic reaction occurs. Since the anodic 
and cathodic reactions are no longer balanced, a net current flows from the 
electronic circuit into the metal sample. The sign of this current is positive 
by convention. At potential far enough from EQC, the current from the 
cathodic reaction will be negligible, and the measured current will be due to 
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anodic reaction alone. Conversely, at strongly negative potentials, cathodic 
current dominates the cell current. 
Quantitative Corrosion Theory 
During corrosion process the rates of both the anodic and cathodic 
processes are controlled by the kinetics of the electron transfer reaction at 
the metal surface. An electrochemical reaction under kinetic control obeys 
Tafel equation: 
I = lo exp (2.303(E-Eo)/P) 
In this equation, 
I is the current resulting from the reaction 
lo is a reaction dependent constant called the Exchange Current 
E is the electrode potential 
Eg is the equilibrium potential (constant for a given reaction) 
P is the reaction's Tafel Constant (constant for a given reaction). 
Beta has units of volts/decade. 
The Tafel equation describes the behaviour of one isolated reaction. 
In a corrosion system, we have two opposing reactions - anodic and 
cathodic. 
The Tafel equations for both the anodic and cathodic reactions in a corrosion 
system can be combined to generate the Butler-Volmer equation: 
I = Icorr(eXp(2.303(E-Eeorr)/Pa)-exp(-2.303(E-Eeon-)/Pc)) 
where 
I is the measured cell current in amps 
Icorr is the corrosion current in amps 
E is the electrode potential 
Ecorr is the corrosion potential in vohs 
Pa is the anodic Beta Tafel Constant in volts/decade 
Pc is the cathodic Beta Tafel Constant in volts/decade 
At Ecorr> each exponential term equals one. The cell current is 
therefore zero. Near Egon-, both exponential terms contribute to the overall 
current. Finally, as the potential is driven far from Econ- by the potentiostat, 
one exponential term predominates and the other term can be ignored. 
When this occurs, a plot of log current versus potential becomes a straight 
line. 
A log I versus E plot is called a Tafel Plot, which has been generated 
directly from the Butler-Volmer equation and is shown here (Figure 1.1). 
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Fig. 1.1. Anodic and Cathodic Current during Corrosion process 
In practice, many corrosion systems are kinetically controlled and 
thus obey Butler-Volmer equation. A log current versus potential curve that 
is linear on both sides of Econ- is indicative of kinetic control for the system 
being studied. However, there can be complications, such as: 
Concentration polarization, where the rate of a reaction is controlled by 
the rate at which reactants arrive at the metal surface. 
Oxide formation, which may or may not lead to passivation, can alter the 
surface of the sample being tested. 
Other effects that alter the surface, such as preferential dissolution of one 
alloy component, can also cause problems. 
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A mixed control process where more than one cathodic, or anodic, 
reaction occurs simultaneously may complicate the model. An example of 
mixed control is the simultaneous reduction of oxygen and hydrogen ion. 
Potential drop as a result of cell current flowing through the resistance of 
cell solution causes errors in the kinetic model. This effect may be corrected 
via IR compensation in the potentiostat. 
These complications result in non-linearity's in the Tafel plot. The 
results derived from a Tafel Plot that does not have a well-defined linear 
region should be used with caution. 
Classic Tafel analysis is performed by extrapolating the linear 
portions of a log current versus potential plot back to their intersection. The 
value of either the anodic or the cathodic current at the intersection is Icrr 
(Figure 1.2). 
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Fig. 1.2. Classic Tafel Analysis, Polarization Resistance 
Polarization resistance 
Butler-Volmer equation can be further simplified by restricting the 
potential to be very near to Econ- Close to Econ-^  the current versus voltage 
curve approximates a straight line. The slope of this line has the units of 
resistance (ohms). The slope is, therefore, called the Polarization Resistance, 
Rp. An Rp value can be combined with an estimate of the Beta coefficients 
to yield an estimate of the corrosion current. 
If we approximate the exponential terms in Butler-Volmer equation 
with the first two terms of a power series expansion (e'^  = 1+x +x^/2+ ) 
and simplify, we get one form of the Stem-Geary equation: 
Icorr = ( 1 / R p ) P a P c / (2 .303 ( P , + (3,) ) 
In a Polarization Resistance experiment, a current versus voltage 
curve is recorded as the cell voltage is swept over a small range of potential 
that is very near to EQC (generally ± 10 mV). A numerical fit of the curve 
yields a value for the Polarization Resistance, Rp. Polarization Resistance 
data does not provide any information about the values for the Beta 
coefficients. These can be obtained from a Tafel Plot. 
Calculation of Corrosion Rate from Corrosion Current 
CR = Icon- K EW / d A 
CR The corrosion rate 
Icorr The corrosion current in amps 
K A constant that defines the units for the corrosion rate 
EW The equivalent weight in grams/equivalent 
d Density in grams/cm 
A Sample area in cm^ 
IR Compensation 
When a current is passed between two electrodes in a conductive 
solution, there is always a region of different potentials in the solution. 
Much of the overall change in potential occurs very close to the surface of 
the electrodes. The potential gradients are largely due to ionic concentration 
gradients set up near the metal surfaces. Also, there is always a potential 
difference (a potential drop) due to current flow through the resistance in the 
bulk of the solution. 
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In an electrochemical experiment, the potential that controls or 
measures the potential of a metal specimen (called the Working Electrode) 
versus a Reference Electrode. It measures and controls the potential 
difference between a non-current carrying Reference Electrode and one of 
the two current carrying electrodes (the Working Electrode). The potential 
drop near the other current carrying electrode (the Counter Electrode) does 
not matter when a three-electrode potentiostat is used. 
Careful placement of the Reference Electrode can compensate for 
some of the IR drop resulting from the cell current, I, flowing through the 
solution resistance, R. The closer it is to the Working Electrode, the smaller 
IR errors. However, complete IR compensation cannot be achieved in 
practice through placement of the reference electrode, because of the 
finite physical size of the electrode. The portion of the cell resistance 
that remains after placing the Reference Electrode is called the 
uncompensated resistance, Ru. 
The potentiostat makes a current interrupt measurement immediately 
after each data point is acquired. It actually takes three potential readings: 
E] before the current is turned off, and E2 and E3 while it is off (Figure 1.3). 
Normally, the latter two are used to extrapolate the potential difference, delta 
E, back to the exact moment when the current was interrupted. The timing 
of the interrupt depends on the cell current. The interrupt time is 40 
microseconds on the higher current ranges. On lower current ranges, the 
interrupt lasts longer. 
In controlled potential modes, the applied potential can be 
dynamically corrected for the measured IR error in one of several ways. In 
the simplest of these, the IR error from the previous point is applied as a 
correction to the applied potential. The correction is always one point 
behind, as the IR error from one point is applied to correct the applied 
potential for the next point. 
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Fig. 1.3. Current Interrupt Potential versus Time 
By default in the controlled potential modes, the potential error 
measured via current interrupt is used to correct the applied potential. In the 
controlled current modes, no correction is required. If IR compensation is 
selected, the measured IR error is subtracted from the measured potential. 
All reported potentials are therefore free from IR error. 
1.2.1. Potentiodynamic Polarization Methods 
Polarization methods such as potentiodynamic polarization, 
potentiostaircase, and cyclic voltammetry are often used for laboratory 
corrosion testing. These techniques can provide significant useftil 
information regarding the corrosion mechanisms, corrosion rate and 
susceptibility of specific materials to corrosion in designated environments. 
Polarization methods involve changing the potential of the working 
electrode and monitoring the current, which is produced as a function of 
time or potential. 
Anodic polarization: The potential is changed in the anodic (or more 
positive direction) causing the working electrode to become the anode and 
causing electrons to be withdrawn from it. 
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Cathodic polarization: The working electrode becomes more negative and 
electrons are added to the surface, in some cases causing electrodeposition. 
Cyclic polarization: Both anodic and cathodic polarizations are performed 
in a cyclic manner. 
Several methods may be used in polarization of specimens for 
corrosion testing. Potentiodynamic polarization is a technique where the 
potential of the electrode is varied at a selected rate by application of a 
current through the electrolyte. It is probably the most commonly used 
polarization testing method for measuring corrosion resistance and is used 
for a wide variety of functions: (reference) 
Cyclic voltammetry: Cyclic voltammetry involves sweeping the potential 
in a positive direction until a predetermined value of current or potential is 
reached, then the scan is immediately reversed toward more negative values 
until the original value of potential is reached. In some cases, this scan is 
done repeatedly to determine changes in the current-potential curve 
produced with scanning. 
Potentiostair case method: This technique polarizes an electrode in a series 
of potential steps where the time spent at each potential is constant, while 
the current is often allowed to stabilize prior to changing the potential to the 
next step. The step increase may be small, in which case, the technique 
resembles a potentiodynamic curve, or it may be large. 
Electrochemical potentiodynamic reactivation (EPR): This technique 
allows to measure the degree of sensitization of stainless steels such as 
S30400 and S30403 steels. This method uses a potentiodynamic sweep over 
a range of potentials from passive to active (called reactivation). 
With this widely used technique in corrosion monitoring, the 
polarization resistance of a material is defined as the slope of the potential-
current density (DE/Di) curve at the free corrosion potential, yielding the 
polarization resistance Rp that can be related (for reactions under activation 
control) to the corrosion current by the Stem-Geary equation: (reference) 
15 
Kp =• 
icon (A/) 
Ai'^o 
where, 
Rp is the polarization resistance 
icon- the corrosion current 
The proportionaHty constant, B, for a particular system can be 
determined empirically (calibrated from separate weight loss measurements) 
or, as shown by Stem and Geary, can be calculated from Pa and p ,^ the 
slopes of the anodic and cathodic Tafel slopes. 
The Tafel slopes themselves can be evaluated experimentally using 
real polarization plots. The corrosion currents estimated using these 
techniques could be converted into penetration rates using Faraday's law or a 
generic conversion chart. The study of uniform corrosion or studies 
assuming corrosion uniformity are probably the most widespread application 
of electrochemical measurements both in the laboratory and in the field. The 
widespread use of these electrochemical techniques does not mean that they 
are without complications. Both linear polarization and Tafel extrapolation 
need special precautions for their results to be valid. The main complications 
or obstacles in performing polarization measurements can be summarized in 
the following categories: 
Effect of Scan Rate: The rate at which the potential is scanned may have a 
significant effect on the amount of current produced at all values of 
potential. The rate, at which the potential is changed, the scan rate, is an 
experimental parameter over which the user has control. If not chosen 
properly, the scan rate can alter the scan and cause a misinterpretation of the 
features. 
Effect of Solution Resistance: The distance between the Luggin capillary 
(of the salt bridge to the reference electrode) and the working electrode is 
purposely minimized in most measurements to limit the effect of the 
solution resistance. In solutions that have extremely high resistivity, this can 
be an extremely significant effect. 
Changing Surface Conditions: Since corrosion reactions take place at the 
surface of materials, when the surface is changed, due to processing 
conditions, active corrosion or other reasons, the potential is usually also 
changed. This can have a strong effect on the polarization curves. 
Determination of Pitting Potential: In analyzing polarization a curve the 
appearance of a hysteresis (or loop) between the forward and reverse scans 
is often thought to denote the presence of localized corrosion (pitting or 
crevice corrosion). 
1,2.2. AC Impedance: 
AC impedance measurement "^'^  can provide valuable information 
regarding the rate of corrosion inhibitor and coating performance, passive 
layer characteristics of the corrosion product and corrosion protection 
performance of the coatings. 
In this technique a small amplitude perturbation is applied to the 
working electrode at a number of discrete frequencies. At each of these 
frequencies the resulting current waveform will exhibit a sinusoidal response 
that is out of phase with the applied potential signal by certain amount. If a 
potential is applied across an electrochemical cell (corroding material) a 
current flows through the cell, with a value determined by the mechanisms 
of the reactions taking place. The reaction is the formation of new chemical 
species as a result of movement of ions through the electrolyte. The ionic 
movements are caused by the applied potential difference, and constitute a 
flow of electric current. If the applied potential is sinusoid (AE sin cot) then 
the subsequent signal will also be sinusoidal, with a value of A/ sin (cot +(j)). 
Harmonics of this current 2co, 3co etc. will also flow. The relationship 
between the applied potential and the resulting current is known as the 
impedance, which is similar to the resistance-current- potential relationship 
of a DC circuit (E = iR). The impedance, Z, has a magnitude A£/ A/ and 
phase (j) and hence is a vector quantity. If a sinusoidal potential is applied 
across a resistance, R, then the magnitude of the impedance Z = R and the 
phase (j) = 0 for all frequencies. If the sinusoid is applied across a pure 
resistance, the impedance is now dependant on the frequency, according to 
the relationship Z = (1/coc) and the phase angle is 90°. As the frequency 
increases, the magnitude of the impedance decreases. 
The inhibition efficiency of the inhibitors can be determined from AC 
impedance method " by the following formula: 
I E % ^ ^ ^ ^ ° " ^ ^ ^ ' xlOO 
1/R.o 
Rt and Rto are the charge transfer resistance with and without inhibitor. 
A plot of Z (real) vs. Z" (imaginary) for various frequencies gives a 
semicircle (Nyquist plot), which cuts the real axis at higher and lower 
frequencies. At higher frequency it corresponds to Rj and at lower 
frequency it corresponds to (Rj + Rt). The difference between the two 
values gives Rt. From Rt the corrosion current can be calculated using 
Stern - Geary equation: 
Pa X Pc 1 T 
2.3(P3+PJ R. 
The double layer capacitance can be determined from the frequency 
at which Z" is maximum from the relation: 
in c„ X R, 
The main advantages of this method are: 
(a) applicable to low conductivity systems, 
(b) provides mechanistic information, 
(c) solution resistance is completely eliminated. 
1.3. FACTORS INFLUENCING CORROSION 
The nature and extent of corrosion depend largely on the metal and 
the environment. Factors like structural features of the metal, nature of the 
environment and the type of reactions that occur at the metal/environment 
interface play crucial role in corrosion process'^ 
The important factors, which influence the corrosion process, are 
1.3.1. Nature of the metal 
It includes the following factors: 
(a) Position in galvanic series: The more active metal (or higher up in 
the series) suffers corrosion. The rate and severity of corrosion, depends 
upon the difference in their positions and greater is the difference, the faster 
is the corrosion of the anodic metal/ alloy. 
(b) Over voltage: Over voltage (rj) is the potential difference between 
the electrode potential (E) and the equilibrium potential, (Eo) and is a 
constant for a given reaction, r| = E - Eo. The reduction in over voltage of the 
corroding metal / alloy accelerates the corrosion rate. 
(c) Relative areas of the anodic and cathodic parts: The corrosion of 
the anodic part is directly proportional to the ratio of areas of the cathodic 
part and the anodic part. Corrosion is more rapid, severe and highly 
localized, if the anodic area is small. 
(d) Purity of metal: Impurities in a metal, generally, causes 
"heterogeneity" and forms minute/ tiny electrochemical cells (at the exposed 
parts) with the rest of the anodic parts get corroded. For e.g. zinc metal 
containing impurities, such as Pb or Fe, undergoes corrosion of zinc around 
the impurity, due to the formation of local electrochemical cells. The rate 
and extent of corrosion increases with the increasing exposure and extent of 
the impurities. 
(e) Physical state of metal: The smaller the grain-size of the metal or 
alloy, the greater will be its solubility and hence, greater will be its 
corrosion. Moreover areas under stress, even in a pure metal, tend to be 
anodic and corrosion takes place at these areas. 
(f) Nature of surface film: The ratio of the volumes of the metal oxide 
to the metal is known as a " specific volume ratio". Greater the specific 
volume ratio lesser is the oxidation and corrosion rate. 
(g) Solubility of corrosion products: In electrochemical corrosion, if 
the corrosion product is soluble in the corroding medium, then corrosion 
proceeds at a faster rate else vice versa. 
1.3.2. Nature of the environment 
The nature of environment includes these factors: 
(a) Temperature: The increase in temperature increases the reaction 
rates as well as the diffusion rate of many corrosive byproducts and, 
therefore, increases corrosion rate. The corrosion rates in some system 
decrease with increasing temperature because of many gases have lower 
solubility in open systems at higher temperatures. As temperature increases, 
the solubility of the gas also decreases and causes corrosion rates to go 
down. 
(b) pH: Generally, acidic media (i.e. pH <7) are more corrosive than 
alkaline and neutral media. However, amphoteric metals (like Al, Zd, Pb 
etc) dissolve in alkaline solutions as complex ions. The corrosion rate of iron 
in oxygen- free water is slow, until the pH is below 5. The corresponding 
corrosion rate in presence of oxygen, is much higher. Consequently 
corrosion of metals, readily attacked by acid, can be reduced by increasing 
the pH of the attacking environment e.g. Zn (which is rapidly corroded, even 
in weakly acidic solutions such as carbonic acid) suffers minimum corrosion 
atpH=ll 
(c) Oxygen Concentration: Oxygen's role in corrosion is as an 
aggressive gas or oxidizing agent. As its concentration increases, the 
corrosion rate increases until the rate of diffusion to the surface reach a 
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maximum. The same principles apply to most other oxidizing agents, such 
as CI2, H^ Br2. 
(d) Fluid Velocity: It is observed that the corrosion rate increases with 
the increase in the velocity of fluid. At very low velocities, even zero, there 
are diffusion effects that cause corrosion. As fluid velocities increase from 
stagnant to moderate values, the corrosion rate increases. Then, as the limit 
of diffusion at a particular temperature is reached, ftirther increase in 
velocity has little effect on the corrosion rate. At some point, however, the 
velocity reaches such high values that the surface film of the metal begins to 
be damaged. At these velocities, the corrosion rates increase with increasing 
the velocities. 
(e) Suspended Solids: An increase in suspended solids levels accelerates 
corrosion rates. These solids include any inorganic or organic contaminants 
present in the water e.g. clay, sand, silt or biomass. 
(f) Corrosion Inhibitors: The corrosion rate is reduced by the presence 
of corrosion inhibitors. Corrosion inhibitors incorporate themselves to 
corrosion product films in such way as to increase the film's capacity to 
prevent corrosion. The process of corrosion inhibition is related to the metal 
surface and the processes occurring in water. The polar nature of some 
molecules promotes adsorption. An inhibitor molecule usually is in constant 
motion, being adsorbed and desorbed between the fluid and the corrosion 
product film. The rate of adsorption onto the surface is dependent on the 
nature of the molecule, as well as the concentration of the inhibitor in the 
fluid. 
1.4. FORMS OF CORROSION 
It is convenient to classify corrosion by the forms in which it 
manifests itself; the basis for this classification is the appearance of the 
corroded metal'"*. Eight forms of corrosion are unique, but all of them are 
more or less interrelated. The characteristics, mechanisms, and preventive 
measures of these forms of corrosion are: 
(a) Uniform Attack: It is the most common form of corrosion. It is 
normally characterized by a chemical or electrochemical reaction, which 
proceeds uniformly over the entire exposed surface or over a large area. The 
metal becomes thinner and eventually fails. Uniform attack, or general 
overall corrosion, represents the greatest destruction of metal on a tonnage 
basis. Uniform attack can be prevented or reduced by selecting proper 
materials, coatings, using inhibitors, or by cathodic protection. 
(b) Galvanic or Two-Metal Corrosion: A potential difference usually 
exists between two dissimilar metals when they are immersed in a corrosive 
or conductive solution. If these metals are placed in contact (or otherwise 
electrically connected), this potential difference causes electron flow 
between them. Corrosion of the less corrosion-resistant metal is usually 
increased and attack of the more resistant material is decreased, as compared 
with the behaviour of these metals when they are not in contact. The less 
resistant metal becomes anodic and the more resistant metal behaves 
cathodic. 
(c) Crevice Corrosion: Intense localized corrosion frequently occurs 
within crevices and other shielded areas on metal surfaces exposed to 
corrosives. This type of attack is usually associated with small volumes of 
stagnant solution caused by holes, gasket surfaces, tap joints, surface 
deposits, and crevices under bolt and rivet heads. 
(d) Pitting Corrosion: Pitting is a form of extremely localized attack 
that results in holes in the metal. These holes may be small or large in 
diameter, but in most cases they are relatively small. Pits are sometimes 
isolated or so close together that they look like a rough surface. Generally a 
pit may be described as a cavity or hole with the surface diameter about the 
same as or less than the depth. Pitting is one of the most destructive and 
insidious forms of corrosion. Pitting is particularly vicious because it is a 
localized and intense form of corrosion, and failures often occur with 
extreme suddenness. 
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(e) Intergranular Corrosion: Grain boundary effects are of little or no 
consequence in most applications or uses of metals. If a metal corrodes, 
uniform attack results since gcain boundaries are usually only slightly more 
reactive than the matrix. However, under certain conditions, grain interfaces 
are very reactive and intergranular corrosion results. Localized attack at and 
adjacent to grain boundaries, with relatively little corrosion of the grains, is 
intergranular corrosion. The alloy disintegrates (grains fall out) and/or loses 
its strength. Intergranular corrosion can be caused by impurities at the grain 
boundaries, enrichment of one of the alloying elements, or depletion of one 
of these elements in the grain-boundary areas. 
(f) Selective Leaching: Selective leaching is the removal of one 
element from a solid alloy by corrosion processes. The most common 
example is the selective removal of zinc in brass alloys (dezincification). 
Similar processes occur in other alloy systems in which aluminum 
(dealuminiumzication), cobalt (decobaltification), and iron, chromium, and 
other elements are removed. 
(g) Erosion Gorrosion: Erosion corrosion is the acceleration or increase 
in rate of deterioration or attack on a metal because of relative movement 
between a corrosive fluid and the metal surface. Generally, this movement is 
quite rapid, and mechanical wear effects or abrasion are involved. Metal is 
removed from the surface as dissolved ions, or it forms solid corrosion 
products, which are mechanically swept from the metal surface. Erosion 
corrosion is characterized in appearance by grooves, gullies, waves, rounded 
holes, and valleys and usually exhibits a directional pattern. 
(h) Stress Corrosion Cracking: Stress-corrosion cracking refers to 
cracking caused by the simultaneous presence of tensile stress and a specific 
corrosive medium. Many investigators have classified all cracking failures 
occurring in corrosive mediums as stress-corrosion cracking, including 
failures due to hydrogen embrittlement. However, these two types of 
cracking failures respond differently to environmental variables. Cathodic 
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protection is an effective method for preventing stress-corrosion cracking 
whereas it rapidly accelerates hydrogen- embrittlement effects. Hence, the 
importance of considering stress-corrosion cracking and hydrogen 
embrittlement as separate phenomena is obvious. 
1.5. CORROSION CONTROL METHODS 
From the national economic point of view, it is necessary for 
scientists and engineers to adopt various ways and means to minimize the 
losses due to corrosion. With technological and industrial growth, the use of 
metals and their alloys is increasing very rapidly and any step in the 
direction of understanding the nature of corrosion, its mechanism and the 
way to control it, would be of great help to nation's economy. 
Corrosion inhibition is also significant from conservation of limited 
material resources and the wastage of these also includes corresponding 
wastage of energy and water resources associated with the production and 
fabrication of metal surfaces. 
The corrosion reaction that takes place at the metal / environment 
interface, can be controlled by the following methods'^: 
1.5.1. Modifying the composition of metal 
Materials selection has a significant effect on the operability, 
economics and reliability of industrial assets. Criteria for selection of ferrous 
and non-ferrous materials in equipment construction are largely dependent 
on suitability for the intended service, availability, ease of fabrication and 
cost - economics. Carbon and low alloy steels are the most widely used 
materials of construction as they satisfy all the criteria i.e., inexpensive, easy 
of fabrication, commonly available material etc. In petroleum refineries, 
carbon steel is used for the construction of fractionation towers, separator 
drums, heat exchanger shells, storage tanks, most piping and almost all the 
structures. Generally these steels are suitable up to 400 °C. The C-0.5Mo 
steels are suitable in the temperature range of 425-540 "C and are used in 
several applications. The alloy Cr-Mo steels i.e., steels having Cr less than 
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10% are extensively used where resistance to long-term exposure to high 
temperature sulphide corrosion and high temperature hydrogen attack is 
required. The common grades of 5Cr-0.5 Mo, 9%Cr-lMo are used widely in 
the construction of furnace tubes, heat exchanger shells, piping, separator 
drums etc. 
Stainless steels'^ are extensively used in petrochemical plants because 
of the highly corrosive nature of the catalysts and solvents that are often 
used. In refineries, stainless steels have been primarily limited to 
applications involving high temperature sulphide corrosion and other forms 
of high temperature attack. Martensitic stainless steels , such as type 410 
(S41000) are used in construction of pump components, fasteners, valve 
trim, turbine blades and tray valves and other tray components in 
fractionation towers. Austenitic stainless steels'^, such as type 304 (S30400) 
or type 316 (S31600), have excellent corrosion resistance, but are subject to 
stress corrosion cracking by chlorides. Typical applications include linings 
and tray components in fractionation towers; piping heat exchanger tubes; 
reactor cladding; tubes and tube hangers in furnaces; various components for 
compressors, turbines, pumps and valves and reboiler tubes. 
High silicon cast irons (with 14% Si) are extremely corrosion 
resistant because of a passive surface layer of silicon oxide that fonns during 
exposure to many chemical environments. Typical refinery applications 
include valve and pump components for corrosive service. High-nickel cast 
iron^' (with 13 to 36% Ni and upto 6% Cr) have excellent corrosion, wear 
and high temperature resistance because of the relatively high alloy content. 
Copper alloys are extensively used in seawater service, which is the 
prime medium of cooling in the refinery. 70-30 Copper Nickel, 90-10 
Copper Nickel, Nickel Aluminum Bronze etc standard materials of 
construction for tubes, tube sheets in condensers, coolers and other heat 
exchanger service with sea water as the cooling medium. 
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Nickel also forms the basis for many high temperature alloys. Alloy 
400 is extensively used as a lining for carbon steel equipment to prevent 
corrosion by hydrochloric acid and chloride. Alloy 400 (N04400) tubes have 
been used in overhead condensers. High-nickel alloys, including alloy 625 
(N06625) and alloy 825 (N08225), are used in high temperature service e.g., 
flare tips, reformer pigtails etc. 
1.5.2. Modifying the metal surface 
The coating is one of the popular option in which structure is 
protected from corrosion by using protective coating '^*. The coating acts as a 
physical barrier to prevent aggressive chemicals from contacting the 
structure and thus protects the structure. The commercially used barrier 
coatings in refineries are Zinc metal coating. Aluminum metal coating. 
Electroplated metal coating and Conversion metal coating. Paints and 
enamels are also used to coat metals. The limitations associated in the 
barrier coating are mechanical, thermal damage, high cost involved in its 
monitoring and maintenance etc. 
There are two types of Metallic coatings; 
(a) Anodic coatings: They are produced from coating metals, which are 
anodic to the base metal, e.g., in case of galvanized steel, and the base metal 
(iron) is protected by zinc. Being anodic to iron zinc is attacked; leaving the 
underlying cathodic metal unattacked. So, zinc coating protect iron 
'sacrificially'. 
(b) Cathodic coatings: They are obtained by coating a more stable metal 
having lower electrode potential than the base metal. For example, a tin 
coating on a sheet of iron provides protection only as long as the surface of 
the metal is completely covered. 
1.5.3. Modifying the environment by using inhibitors 
Steel is the most common material used in the oil industry, domestic 
central heating systems, industrial water-cooling systems and metal 
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extraction plants. Aluminium is used in light machines such as shipping and 
aircraft industries, household utensils and electrical goods. 
The corrosion resistance of aluminium and iron is poor in aggressive 
environments, and one of the cost effective method is addition of corrosion 
inhibitor to the environment. Most inhibitors are organic substances^^, which 
possess at least one fiinctional group and are considered as the reaction 
centre for the adsorption process. The molecular structure of organic 
compounds used as inhibitors has been found to exert a major influence on 
the extent of inhibition of corrosion ' . The major industries using 
corrosion inhibitors are the oil and gas exploration and production industry, 
the petroleum refining industry, the chemical industry, heavy industrial 
manufacturing industry, water treatment facilities, and the product additive 
industries. The largest consumption of corrosion inhibitors is in the oil 
industry, particularly in the petroleum refining industry. The total 
consumption of corrosion inhibitors in the United States has doubled from 
approximately $600 million in 1982 to nearly $1.1 billion in 1998. 
1.6. CORROSION CONTROL BY APPLICATION OF INHIBITORS 
One of the most prevalent methods used for corrosion control in 
closed system is corrosion inhibitor. Corrosion inhibitor may be defined, as 
a substance which, when added in a small concentration to an environment , 
effectively reduces the corrosion rate of a metal exposed to that 
environment. A particular advantage of corrosion inhibition is that it often 
can be implemented or changed in situ without disrupting a process. Despite 
the extensive use of inhibitors in controlling corrosion of metals and alloys, 
little is known of their ftinctions because of the complexity of the process^^. 
Several mechanisms have been proposed to explain the action of corrosion 
inhibitors in which the adsorption theory'^ ^ is the most pertinent. Recently 
the nature of the action of corrosion inhibitors at the metal solution interface 
has been evaluated by adsorption characteristics and also by the 
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thermodynamics of adsorption. Selection of a suitable inhibitor for a given 
corroding system depends on the type of the corrosion medium, the nature of 
the metal, the magnitude of the charge at the metal/ solution interface, and 
the cathodic reaction etc. 
In general the use of neutralizing and scavenging type inhibitors 
seems to be the best suited for closed systems where such chemicals are not 
lost in the system. In open systems however the use of inhibitors is difficult 
to justify. 
1.6.1. Classification of inhibitors 
(a) Inorganic Inhibitors: In strong acid solutions, Br', F have found to 
be effective inhibitors . The oxides like AS2O3, Sb203 have also been 
reported as inhibitors in acidic media. These substances get deposited"^ in 
the form of metal oxide and increase the hydrogen over-voltage and 
subsequently reduce the corrosion rate. The addition of heavy metal ions like 
Pb^^ Mn^^ Cd^* is found to inhibit corrosion on iron in acid medium. This 
may be due to the deposition of these metal ions over the iron surface^^. 
(b) Organic Inhibitors: It includes a large number of organic substances 
containing N, S, and/ or O atoms in the molecule. The organic inhibitors are 
adsorbed on the metal surface and inhibit corrosion of metals in acidic 
environment. The prominent examples of acid inhibitors are acetylinic 
alcohols, aldehydes, mercaptans, heterocyclic compounds and thiourea 
derivatives '^*'''^ . An organic corrosion inhibitor may be anodic, cathodic or 
both depending on its reaction mechanism and the potential of the metal at 
the interface^^. Generally cathodic inhibitors increase cathodic polarization 
and shift the corrosion potential to more negative values, while anodic 
inhibitors enhances anodic polarization and shift the corrosion potential to 
more positive values. 
The effectiveness of an organic inhibitor depends mainly on its size, 
carbon chain length, bonding strength to metal surface, aromaticity and or 
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presence of conjugated bond, nature and number of bonding atoms-^ .^ Most 
organic inhibitors are substances, which possess at least one functional 
group considered as the reaction centre for the adsorption process. The 
adsorption of inhibitor is related to the presence of heteroatom such as 
nitrogen, oxygen, phosphorous and sulphur as well as a triple bond or an 
aromatic ring in their molecular structure through which they can adsorb on 
the metal surface^^"'*'. The molecular structure of organic compounds used as 
inhibitors has been found to exert a major influence on the extent of 
inhibition of corrosion '^~"^^. In addition to this, other different characteristics 
such as molecular size and the nature of the substituent groups and 
heteroatom present in the organic compounds containing nitrogen have 
found to function as very effective corrosion inhibitors'*'''^'. The efficiency of 
these compounds as corrosion inhibitors can be attributed to the number of 
mobile electron pairs present^ '^ , the n orbital character of free electron^^ and 
the electron density around the nitrogen atom "^*. Organic compounds 
containing both nitrogen and sulphur atoms are of particular interest as they 
give better inhibition efficiency than those containing nitrogen or sulphur 
alone^^-". 
Nitrogen containing compounds such as alkyl and aryl amines, 
saturated and unsaturated ring compounds having N-atoms, condensation 
products of amines with aldehydes " and ketones , ethoxylated amines ", 
nitriles, aldoximes and imidazolines derivatives^ '^^ '* exhibit high inhibition 
efficiency in hydrochloric acid and other aggressive media^ '^^ .^ 
(c) Neutral/Alkaline Inhibitors: These inhibitors include cathodic 
inhibitors (which increase cathodic polarization), anodic inhibitors (which 
enhance the anodic polarization) and mixed or general inhibitors'^ (which 
act on both cathodic and anodic areas). Anodic inhibitors form an oxide or 
some other insoluble film. Insufficient concentration of anodic inhibitors 
leads to severe pitting. Sodium chromate is one of the most widely used and 
efficient inhibitor. Sodium silicate is generally used in hot water systems. 
29 
The other compounds used in neutral and alkaline media are borates, 
molybdates and salts of organic acids like benzoates and salicylates. 
(d) Vapour Phase Inhibitors (VPI): Those substances whose vapour 
pressure is sufficiently high act as vapour phase inhibitors^'. The vapour 
pressure of these compounds at room temperature is usually between 0.1 and 
1.0 mm mercury, so that the inhibitors become sufficiently fast moving to 
ensure its adequate availability in the vicinity of the metal surface e.g. 
dicyclohexyl ammonium nitrite, benzothiazole are used for protecting 
copper, phenylthiourea and cyclohexylamine chromate are used for brass. 
Dicyclohexylamine nitrite protects both ferrous and non-ferrous 
metals/alloys. The inhibitor vapour condenses on metal surface when comes 
in contact and is hydrolysed by moisture present to liberate nitrite and 
benzoate ions, which in presence of available oxygen are capable of 
passivation of steel. 
(e) Anodic Inhibitors: The substances, which retard the anodic area by 
acting on the anodic sites and polarize the anodic reaction, are called anodic 
inhibitors . In the presence of anodic inhibitors, displacements in corrosion 
potential (Econ-), takes place in positive direction (Figure 1.4) and suppress 
corrosion current (Icon-) and reduces corrosion rate. Anodic inhibitors which 
cause a large shift in the corrosion potential are called passivating inhibitors, 
if used in insufficient concentration, they cause pitting and sometimes 
increases corrosion rate. 
Anodic inhibitors may be oxidizing anodic inhibitors in which they 
inhibit corrosion by passivating the metal surface, e.g. chromate, nitrite 
and non-oxidizing anodic inhibitors, which include inorganic anions such as 
molybdate, benzoate and phosphate^"* etc. These inhibitors slow down anodic 
reaction by forming passive film on the metal surface in presence of oxygen. 
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Fig. 1.4. Mechanism of corrosion inhibition for anodic inhibitors. 
(f) Cathodic Inhibitors: Those substances, which reduce the cathodic 
area by acting on the cathodic sites and polarize the cathodic reactions, are 
called cathodic inhibitors'^. They displace the corrosion potential (E'^ corr) in 
the negative direction and reduce corrosion current, thereby retard cathodic 
reaction and suppress the corrosion rate (Figure 1.5). 
r*^  I 
Current 
Fig. 1.5, Mechanism of corrosion inhibition for cathodic inhibitors. 
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Cathodic inhibitors can be divided into three categories: 
(i) Cathodic poisons - The substance which interferes with the formation 
of hydrogen atoms or recombination of hydrogen atoms to H2 gas is known 
as cathodic poisons e.g. arsenic and antimony salts. 
(ii) Oxygen scavengers - The substance which inhibit the corrosion by 
removing dissolved oxygen in water are called oxygen scavengers e.g. 
sodium sulphite and hydrazine 
2Na2S03+02 -^ Na2S04 
N2H4 + O2 -^ N2+2H2O 
The advantage of hydrazine over sulphite is that it does not increase 
the total dissolved solids in water and prevents the salt deposits in boilers & 
other capillary steam outlets. 
(iii) Cathodic precipitate (Filming inhibitor) - Calcium bicarbonate and 
zinc sulphate are the examples of filming type inhibitors. The cationic parts 
of these inhibitors migrate towards cathode and deposits produce insoluble 
protective film on cathode and thereby inhibit cathodic reaction. 
Ca*^ + 2HCO3 + OH" ->CaC03i + HCOs'+HzO 
Zn^ + OH- -> Zn(0H)2i 
(g) Mixed Inhibitors: There are a number of inliibitors, which inhibit 
corrosion by interfering with both the anodic and cathodic reactions and are 
called mixed inhibitors. Figure 1.6 can represent this type of inhibition. 
Gelatin, glue and other high molecular weight substances fall in this 
category. Machu^ '^^ ^ claimed that inhibition is mainly due to the fomiation 
of non-porous layer, which increases the electrical resistance of the surface 
layer. 
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Fig. 1.6. Mechanism of corrosion inhibition formixed inhibitors. 
(h) Miscellaneous: These inhibitors include material such as scale 
inhibitor and biological growth inhibitor, which reduce corrosion by 
o n 
interfering with other processes . 
The above classification of inhibitor types by function appears to give 
a fairly simple and concise approach, although it has limitations in cases 
where the mechanism is not known. 
1.7. MECHANISM OF CORROSION INHIBITION IN ACIDS 
The inhibitive action of organic compounds occurs on the metallic 
surface due to interaction between the inhibitors and the metal surface by 
adsorption phenomenon or by altering the corrosion potential. During 
adsorption^^ the molecules are held on the surface of the adsorbent by 
valence forces i.e., variation in the charge from one phase to the other. 
Therefore, the molecular structure of the inhibitors assumes special 
significance^^. The electron density at atoms of functional group constituting 
a reaction centre affects the strength of the adsorption bond 91 
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The addition of inhibitor may alter the corrosion potential resulting 
into decrease in the rate of anodic process, the cathodic process or both. The 
shift of the corrosion potential in positive direction indicates mainly the 
retardation of the anodic process (anodic control) whereas shift in the 
negative direction indicates retardation of the cathodic process (cathodic 
control). Little change in the corrosion potential suggests that both anodic 
and cathodic processes are retarded. In the presence of an inhibitor, a shift of 
polarization curves without change in the Tafel slope indicates that the 
adsorbed inhibitor acts by blocking active sites so that reaction cannot 
occur . A change in the Tafel slope is the indication of affecting the 
mechanism of the reaction. 
1.7.1. Factors Influencing the Adsorption of Inhibitors 
The following factors influence the adsorption of molecule to the 
metal surface. 
(a) Surface charge on the Metal: The magnitude and sign of the surface 
charge on the metal play an important role in the adsorption process. The 
effect of organic inhibitor on the electrode reactions must be connected with 
the modification induced in the structure of the electrochemical double layer 
because of their adsorption. In solution, the charge on a metal is usually 
expressed in terms of zeta potential. It is more important than the potential 
on a hydrogen scale and sign of these potentials are differential As the 
potential becomes more positive, the adsorption of anions is favoured and as 
the potential becomes more negative, the adsorption of cations is favoured. 
(b) Reaction of Adsorbed Inhibitors: In some cases, the adsorbed 
corrosion inhibitors may react to form a product by electrochemical 
reduction, which may be inhibitive in nature. Inhibition due to the added 
substances has been termed as primary inhibition and that due to the reaction 
product as secondary inhibition^''. In such case, the inhibition efficiency may 
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increase or decrease with time depending upon the effectiveness of primary 
and secondary inhibition^^. 
(c) Interaction of Adsorbed Inhibitor Species: Lateral interactions 
between adsorbed inhibitor species become significant with increase in 
surface coverage of the adsorbed species. This lateral interaction may be 
either attractive or repulsive. Attractive interaction occurs between 
molecules containing large hydrocarbon components. Repulsive interactions 
occur between ions or molecules containing dipoles. The repulsive 
interaction leads to weaker adsorption^^. 
(d) Interaction of the Inhibitors with Water Molecules: The surface of 
metal in aqueous solutions is covered with adsorbed water molecules. 
Adsorption of inhibitors takes place by the displacement of adsorbed water 
molecules from the surface, which involves free energy change during 
adsorption process. It is found to increase with the increase in energy of 
solvation of the adsorbmg species . 
(e) Structure of Inhibitors and their Adsorption: Inhibitor bound to 
metal surface by electron transfer forms adsorption bond. Generally, the 
inhibitors are the electron donors and the metal is the electron acceptor. The 
strength of such bond depends on the characteristics of both the metal and 
inhibitor. Electron transfer from the adsorbed inhibitor species is favoured 
by the presence of relatively loosely bound electrons, as in case of anions 
and neutral organic molecules containing lone pair of electrons in 7i-electron 
systems associated with multiple, especially triple bonds or aromatic rings. 
Most organic inhibitors have at least one polar atom i.e. nitrogen, 
sulphur, oxygen etc. The polar atom is regarded as the reaction centre for the 
establishment of the adsorbed film over metal through chemisorption or 
physisorption of inhibitor . The extent of adsorption is determined by the 
electron density of the atom acting at the reaction centre and by the 
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polarizability of the polar atoms. The effectiveness of the polar atoms with 
respect to the adsorption process varies in the following order^ .^ 
Selenium > Sulphur > Nitrogen > Oxygen 
The availability of electron pairs for the formation of bonds in 
chemisorption process can thus be altered by regular and systematic 
variations in the molecular structure. 
1,7.2. Factors Influencing the Inhibition Reactions 
The corrosion inhibition reactions in acidic solution are influenced by 
the following factors: 
(a) Formation of a Diffusion Barrier: The adsorbed inhibitor fomis a 
surface film on the metal surface and acts as a physical barrier to restrict the 
diffusion of ions or molecules to or from the metal surface and thus retard 
the corrosion reaction. 
(b) Blocking of Reaction Sites: The inhibitors may adsorb on the metal 
surface to prevent the surface metal atoms from participating in either the 
anodic or cathodic reaction of corrosion. The mechanisms of such reactions 
are not affected and the Tafel slopes of the polarization curves remain 
unchanged. Adsorption of inhibitors at low surface coverage tends to occur 
at anodic sites, causing retardation of the anodic reaction. At high surface 
coverage, adsorption occurs on both anodic and cathodic sites, and both 
reactions are inhibited. 
(c) Participation in the Electrode Reactions: The electrode reactions 
may involve the formation of adsorbed intermediate species with the surface 
of metal atoms. The presence of adsorbed inhibitor interferes with the 
adsorbed intermediate but the electrode processes may then proceed by 
alternative paths through intermediates containing the inhibitor. In these 
processes, the inhibitor affects the reaction rate and remains unchanged with 
a change in the Tafel slope . Inhibitors may retard the rate of hydrogen 
evolution on metals by affecting the mechanism of the reaction with the 
increase in Tafel slopes of cathodic polarization curve. This effect has been 
observed on iron in the presence of inhibitors such as phenylthioureas'*^^*"'°'. 
(d) Alteration of the Electrical Double Layer: The adsorption of ions 
or species on metal surface change the electrical double layer at the metal 
solution interface, and this in turn affect the rates of the electrochemical 
reactions i.e. electrochemical corrosion. 
1.8. CORROSION OF STEEL AND ALUMINIUM IN INORGANIC 
AND ORGANIC ACIDS 
Many metallic materials are susceptible to acid corrosion. Inhibitors 
are employed to control the corrosion of steels and aluminium'°^''°^ in 
industries and processes related to pickling processes "''^ "'^ ^^  industrial acid 
cleaning, oil and gas well acidizing and for removal of rust, scale and 
corrosion products. The chief requirements of the inhibitors are that it should 
neither decompose during the life of the pickle nor increase hydrogen 
adsorption'^ by the metal. It should also not lead to the formation of surface 
films with electrically insulating properties that might interfere with 
subsequent electroplating or other surface treatments. Pickling inhibitors 
require a polar group by which the molecule can attach itself to the metal 
surface. These include organic N, amine, S and OH groups. The size, 
orientation and shape of the molecule influence the effectiveness of 
inhibition . The surface charge of the metal and its constituents affect the 
relative strength of the adsorbed bond and corrosion inhibition '°^. 
Acid solutions are generally used for the removal of undesirable scale 
and rust in several industrial processes. Hydrochloric acid and sulphuric acid 
are widely used in the pickling processes of metals. Inhibitors are used to 
prevent metal dissolution as well as acid consumption . Hydrochloric acid 
is the most common acid used for scale removal and carbonate formation 
37 
stimulation. As a common industrial side product it is relatively cheap and 
readily available. 
Aluminium has a great economic and industrial importance owing to 
its low cost, lightweight and high thermal and electrical conductivity. An 
important feature of aluminium is its corrosion resistance due to the 
formation of a protective film of oxide on its surface upon exposure to the 
atmosphere or aqueous solutions'"^"'". Hydrochloric and sulphuric acid 
solutions are commonly used for pickling of aluminium or for its chemical 
or electrochemical etching. It is very important to add a corrosion inhibitor 
to decrease the rate of aluminium dissolution in such solutions. The 
corrosion inhibition of aluminium in acid medium has been reported recently 
by using hydrazone , anionic surfactants"^and amino acid"'* as inhibitor. 
The inhibition effect of some aluminium alloys using heterocyclic 
compounds in hydrochloric media has been given by Agarwal et al^^^. The 
inhibitors are found to retard the corrosion by predominantly acting on local 
cathodes although they are also partially effective on the anode. 
Corrosion behaviour of iron and mild steel in organic acid solutions 
has attracted the attention of many investigators "^'"^. Mild steel is used in 
the fabrication of reaction vessels, storage tanks etc. by industries, which 
either manufacture or use organic acid as reactant. Organic acids rank 
among the most important chemicals in industry today. Rather than being 
used as final products, they serve as precursors to other chemicals. The 
reactive carboxyl group -COOH makes them a basic building block for 
many compounds such as drugs, pharmaceuticals, plastics and fibres. 
The corrosive action of these organic acids causes deterioration or 
destruction of materials, which have been used in the manufacture, and 
storage of these acids. Among organic acids formic acid and acetic acid are 
more corrosive acids than other organic acids such as propionic acid, butyric 
acid, / naphthenic acid, etc. Therefore, corrosion prevention of metals in 
contact with these acids is necessary. 
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Organic acids are used instead of HCl witii some formation and 
tubulars where HCl cannot be used. Also, certain alloys such as chrome 
steel, brass and aluminium can be difficult to protect from hydrochloric acid, 
especially at elevated temperatures. Formic and acetic acid are much weaker 
acids than HCl. However, the concentration of the acetic acid and formic 
acid must be kept below 15% and 10%, respectively, to prevent precipitation 
of (CH3COO)2 Ca and (HC00)2 Ca. Formic acids are used in strength upto 
10% by weight. It does not react as fast as HCl on carbonates or well 
tubulars so corrosion inhibition is easier. Acetic acid used in strength up to 
10% reacts even slower than formic acid. 
Singh et al^^ suggested the use of some organometallic compounds 
as corrosion inhibitor for copper in formic and acetic acid media. A strong 
interaction between the inhibitor and corroding surface of copper is 
speculated due to adsorption of the inhibitor. 
Quraishi et al also studied corrosion inhibition in formic acid 
medium on mild steel by using thiourea derivatives. The adsorption of these 
compounds on the steel surface followed Temkin's adsorption isotherm. 
1.9. HETEROCYCLES AS CORROSION INHIBITORS 
Heterocyclic compounds especially nitrogen containing heterocycles 
represent a potential class of corrosion inhibitors ' . Heterocyclic 
compounds containing both nitrogen and sulphur atoms provide excellent 
and more effective inhibitive characteristics as compared to those containing 
only nitrogen or sulphur atom'^ '^^ ''^ . The corrosion inhibiting property of 
these compounds is attributed to their molecular structure. The planar 
structure and presence of lone pair of electrons on heteroatoms play an 
important role in the adsorption of these molecules on the metal surface. The 
adsorption of heterocycles on the metal surface resuhs into the formation of 
an effective thin film barrier over the metal surface and prevent the 
dissolufion of metal in acidic solution. 
The influence of some heterocyclic compounds containing more than 
one nitrogen atoms in their molecules on corrosion inhibition of carbon steel 
in IN HCl was investigated by Trabanelli and co-workers '^' with a view to 
establish correlation between molecular structure and inhibition efficiency of 
the various compounds. Among the examined substances 2, 2'-Bis-
quinoline, Quinoxaline, Quinozoline and 2-mercaptopyrimidine showed 
good inhibiting efficiencies (80 - 90 %) in the 25 - 60 °C temperature range. 
The inhibition efficiencies of 1, I'-alkylene bis-pyridinium 
compounds have been studied for the corrosion of mild steel in IN H2SO4 by 
Subramaniam et al^^^. The inhibitors namely 1, I'-ethylene 3-3'-dimethyl 
bispyridinium iodide and 1, 1'-ethylene bispyridinium iodide showed 87.8% 
and 86.7% efficiencies in concentration ranges of 250 and 1500 ppm 
respectively at 30 °C. They have found that substitution in the pyridine ring 
has a pronounced effect on the inhibition efficiencies. 
Starchak et al^ investigated the electrochemical behaviour of steel in 
0.1 N HCl and IN H2SO4 using some 2-mercapto-benzimidazole. The 
results were discussed with consideration of the resonance and induction 
effects of polar substituents in the imidazole and benzene ring. 
Ajmal et al '^ '* investigated 2-hydrazino-6-methylbenzothiazole as 
corrosion inhibitor for mild steel in IM HCl and IM H2SO4. It showed 
inhibition efficiency > 90 % in IM HCl. It behaved predominantly as 
cathodic inhibitor in HCl and mixed inhibitor in H2SO4. 
The effect of 4-amino-3-thio-l, 2, 4-triazolidine and 2-amino-5-thio-
1, 2, 4-thiadiazoIe on the corrosion inhibition of steel in 3M H2SO4 was 
studied by Osman and co-workers . They found that the 2-amino derivative 
was more efficient than 4-amino derivative as it contains an extra sulfur 
atom. 
The inhibition and adsorption behavior of 8-hydroxyquinoline on iron 
in IN sulphuric acid solution was studied at 20 °C by Geneva e/ a/. It 
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exhibited 99% inhibition efficiency at a bulk inhibitor concentration of 0.1 -
lOmmol/l"^ 
Muralidharan et al '^'' synthesized a few anils by condensing 3-alkyl-
4-amino-5-mercapto-l, 2, 4-triazoles with salicyldehyde with a view to 
investigate the inhibitive action of these compounds on the corrosion 
inhibition of mild steel in acidic medium. They have found that all the 
compounds have shown better inhibition efficiency than the corresponding 
amines. 
The inhibitive action of thiouracil derivatives on steel corrosion in 
2M H2SO4 was studied by Andis et al . The thiouracil derivative bearing 
bromine atom at position-5 exhibited the best performance ^^ .^ 
The inhibitive effect of 3, 5-bis (2-thienyl)-4-amino-l,2,4-triazoIe on 
mild steel in IM HCl and 0.5 M H2SO4 were investigated by Bentiss et al '"''^  
using various techniques, such as weight loss and electrochemical 
impedance spectroscopy. The electrochemical study revealed that this 
compound acted as anodic inhibitor. The authors observed that these 
molecules were strongly adsorbed on the metal surface and Suppress the 
dissolution reaction. The adsorption led to the formation of a protective film, 
which grows, with increasing exposure time. 
Elkadi et al '"*' investigated the inhibiting action of 3, 6- (bis 
methoxyphenyl) 1, 2-dihydro-l, 2, 4, 5-tetrazine on corrosion of mild steel 
in acidic media by weight loss method and electrochemical techniques. A 
better performance was noted in case of IM HCl. Polarization studies 
showed that it acts as a mixed inhibitor in IM HCl and a cathodic inhibitor 
in 0.5 M H2SO4. The inhibition efficiency increased with increasing value of 
the adsorption coefficient and is temperature independent. 
Substituted 1, 3, 4-oxadiazoles such as 2, 5-bis (2-pyridyl)-1, 3, 4-
oxadiazole and l,7-hydroxy-2, 5-bis (2-pyridyl)-1, 3, 4-oxadiazole were 
synthesized and their inhibitive action on the corrosion of mild steel in IM 
HCl and 0.5 M H2SO4 was evaluated by Bentiss et al '''^. These compounds 
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possessed higher inhibition efficiency due to the presence of an electron 
releasing - OH group in the aromatic ring at ortho position. These 
oxadiazoles were found to perform well in both acids, but the better 
performance was seen in the case of HCl, due to synergistic inhibition. 
4-Aminoantipyrine was tested as corrosion inhibitor for mild steel in 
2M HCl solution by Abd-El-Rehim et al^'^^ using weight loss, 
potentiodynamic polarization technique and electrochemical impedance 
spectroscopy. In the temperature range 20 - 60 °C adsorption followed the 
Flory-Huggins isotherm. 
The effect of addition of some triazine compounds on the corrosion 
behaviour of steel in 2M H3PO4 has been studied by Bekkouch et a I '"^ ^ and 
reported that the performance of 6-azathymine was better than the other 
triazines with inhibition efficiency 86%. 
Bentiss and Co-workers ^ synthesized a new class of corrosion 
inhibitors, namely 2, 5-bis (4-dimethyl aminophenyl)-1, 3, 4-thiadiazole and 
its inhibiting action on the corrosion of mild steel in IM HCl and 0.5 M 
H2SO4 was studied. Potentiostatic polarization studies showed that it is a 
mixed type inhibitor. The negative change in free energy for adsorption 
suggests that thiadiazole molecules are chemically adsorbed on the steel 
surface. 
Bereket et al^'^^ studied the electrochemical, thermodynamic and 
kinetic studies of the behaviour of aluminium in hydrochloric acid 
containing various benzotriazole derivatives in the concentration range of 
1.0 X 10'^ - 1 X lO'^M in 0.1 M HCl. Benzotriazoles behave predominantly as 
cathodic inhibitor. 
The influence of N-heterocyclic compound as corrosion inhibitor for 
aluminium-copper alloy [Al-4Cu (B26S)] in 0.1 -1.0 M HCl solutions was 
studied by Talati et al^'^^. The inhibitor concentration was varied from 0.05 
to 1.0%. The inhibition efficiency followed the trend: 4-picoline< 3-
picoline< 2-picoline< pyridine< piperidine <acridine. 
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The inhibitive effect of 2- amino [4-p-chlophenyl] thiazole and 
derivative of their condensation products; N-2[4-p-chlophenyl] 2-[thiazolyl] 
thiocarbamide on the corrosion of mild steel in 20% formic acid has been 
studied using weight loss and electrochemical polarization technique by A. 
Gupta et al . They attributed that increase in inhibition efficiency of 
condensation product is due to increase in the number of active centers. The 
inhibitor possesses two S- and three N-atoms as active centres besides the 
presence of a phenyl group. Therefore, these compounds gave better 
inhibition efficiency. Further improvement in inhibition efficiency is due to 
an increase in electron density on phenyl ring by the presence of electron 
donating methyl (-CH3) and methoxy (-OCH3) groups. 
Singh et al investigated the inhibitive action of 2- benzyl mercapto-
1, 4- diphenyl- 1, 6-dihydro-l,3,5-triazine-6-thione and its o-chloro, p-
chloro, p-nitro, o-methyl and o-methoxy derivatives on mild steel in 20 % 
formic acid. Among the above studied thiones, o-methyl and o-methoxy 
derivatives gave better performance due to the substitution of electron 
donating groups, as methyl (-CH3) and methoxy (-OCH3) on the phenyl ring, 
causes and increase in electron density and as a consequence the inhibition 
efficiency increases for the parent compound. 
Quraishi'^^ and Co-workers synthesized some triazole derivatives, 
and studied their inhibiting action on the corrosion of mild steel in 20% 
formic acid and 20 % acetic acid. The inhibitor in order of their inhibition 
efficiency followed the trend: 4-Amino-3-butyl-5-mercapto-l,2,4-triazole> 
4-Amino-3-propyl-5-mercapto-l,2,4-triazole> 4-Amino-3-ethyl-5-mercapto-
1,2,4-triazole > 4-Amino- 3-methyl-5-mercapto-l,2,4-triazole. This is 
because an increase in +1 effect with the increase in chain length of 
hydrocarbon. Potentiodynamic polarization studies showed that it is a mixed 
type inhibitor. 
43 
The corrosion inhibition behaviour of thiadiazoles on mild steel were 
reported by Azhar et al^^^ in acidic media. They found that the compound 
2,5-bis (n-pyridyl)-l,3,4-thiadiazole acted as a mixed type inhibitor and the 
performance was better in HCl than in H2SO4. Among 2-PTH, 3-PTH, 4-
PTH, 3-PTH gave better inhibition efficiency. Bentiss et al^^^ synthesized, 
2,5-bis (4-dimethylaminophenyl)-l,3,4-oxadiazole (DAPO) and 2,5-bis (4-
dimethylaminophenyl)-l,3,4-thiadiazole (DAPT) and studied its inhibiting 
action on the corrosion of mild steel in 1 M HCl and 0.5 M H2SO4 at 30 °C. 
They found that DAPT is slightly more efficient in 0.5 M H2SO4 while 
DAPO in IM HCl. Of the two, DAPT appears to be better inhibitor. 
Lagrenee et al studied the inhibition of mild steel corrosion in 
acidic solutions by 2,5-bis (4-pyridyl)-l,3,4-thiadiazole. They have shown 
that 2,5-bis (4-pyridyl)-l,3,4-thiadiazole is good inhibitor for mild steel 
corrosion in 1 M HCl, 0.5 M H2SO4 and 1 M HCIO4. 
Electrochemical and quantum chemical studies on some thiadiazole 
derivatives for its inhibitive effect were carried out by Bentiss and 
coworkers'^'* on mild steel in normal hydrochloric acid medium. They 
reported that the best performance was for 3-TTH. These workers'^^ also 
studied the corrosion resistance behaviour of mild steel in normal sulphuric 
acid medium by 2,5-bis (n-thienyl)-l,3,4-thiadiazoles. They carried out 
electrochemical and X-ray photoelectron spectroscopy and on the basis of 
thermodynamic data of adsorption the authors reported that the inhibition of 
steel corrosion in normal sulphuric solution is due to the formation of a 
chemisorbed film on the steel surface. They used molecular modelling to 
obtain some insight about structural and electronic effects in relation to their 
inhibiting efficiency. 
Y. Abboud et al^^^ investigated the efficiency of 2, 2'-bis 
(benzimidazole), as steel corrosion inhibitor in hydrochloric acid by 
electrochemical techniques. The compound possessed fairly good inhibiting 
property for steel corrosion in hydrochloric acid, and behaves as a mixed 
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inhibitor. The influence of 2-methyl-imidazole and benzimidazole on the 
corrosion of mild steel in IN HCl and IN H2SO4 through hydrogen 
permeation was studied by Muralidharan et aP^. The inhibitors were 
effective in both acids. 
Bereket et al studied the corrosion inhibiting action of 
benzimidazole-2-tione and benzoxazole-2-tione on aluminium in acidic 
environment. The inhibitor followed the trend in order of their increasing 
corrosion inhibition efficiency: benzimidazole-2-tione > 5-methyl 
benzimidazole-2-tione > 5-chloro benzimidazole-2-tione, while that of 
benzoxazole-2-tione derivatives were found to follow the order: 5-methyl 
benzoxazole-2-tione > benzoxazole-2-tione > 5-chloro benzoxazole-2-tione 
> 5-nitro benzoxazole-2-tione. 
The efficiency of triazoles on the corrosion inhibition of mild steel 
was evaluated by Quraishi et al in organic acid media. Good inhibition 
efficiency (>90%) was found even at lower concentration of triazoles (i.e., 
25 ppm) in acid solution. 
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STATEMENT OF THE PROBLEM 
Corrosion is the degradation of metal or alloy by chemical or 
electrochemical reactions with its environment. Its cost is very high on the 
nation's economy (2 - 5% GNP). The direct cost includes the replacement 
of corroded components, use of corrosion resistant alloys, use of coating and 
inhibitors etc. The indirect costs are loss of production during downtime; 
loss of products due to leakage, loss of efficiency, contaminations and 
sometimes it causes loss of human lives due to explosion/fire. The cost of 
corrosion can be reduced to an extent of 25% by applying some corrosion 
control techniques. The prevalent corrosion control techniques are materials 
selection, proper designing, electrochemical protection and use of inhibitors 
and paints/coatings. Among these methods, inhibitors are used in a wide 
range of applications, such as oil pipelines, domestic central heating 
systems, industrial water-cooling systems and metal extraction plants. The 
advantage of corrosion inhibitor is that it can be implemented or charged in 
situ without disrupting a process and is also a cost effective method. The 
major industries using corrosion inhibitors are the oil and gas exploration 
and production industry, the petroleum refining industry, the chemical 
industry, heavy industrial manufacturing industry, water treatment facilities, 
and the product additive industries. The highest consumption of corrosion 
inhibitors is in oil refinery and petroleum processing units. Keeping in view 
of the significance of inhibitors, compounds belonging to thiadiazoles, 
imidazolines, triazoles and azathiones classes have been synthesized and 
tested for their inhibition properties. 
The performances of these inhibitors were evaluated by weight loss 
method, potentiodynamic polarization and AC impedance techniques. The 
surface morphology was performed by scanning electron spectroscopy. 
The works have been divided into six chapters. 
46 
Chapter II: Experimental details, which include the materials and method, 
used during experimental work. 
Chapter III: Gives the details of the studies on corrosion inhibition 
behaviour of thiadiazoles on mild steel under the varying 
conditions of [inhibitor], [HCl / H2SO4], temperature and 
Immersion time followed by results and discussion. 
Chapter IV: Includes the corrosion inhibition behaviour of imidazolines on 
aluminium under the varying conditions of [inhibitor], [HCl / 
H2SO4], temperature and Immersion time. At the end results 
are discussed. 
Chapter V: Results and discussion on the corrosion inhibition behaviour 
of triazoles on mild steel under the varying conditions of 
[inhibitor], [HCOOH / CH3COOH], temperature and 
Immersion time. 
Chapter VI: Results and discussion on the corrosion inhibition behaviour 
of azathiones on mild steel under the varying conditions of 
[inhibitor], [HCOOH / CH3COOH], temperature and 
Immersion time. 
CKA^'E^ . * w i ) ^ ' 
^Ejqperimental 
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2.0. MATERIALS AND METHODS 
2.1. CHEMICALS USED 
The different chemicals used during the experimental work are given 
in Table 2.1. 
2.1.L Test specimen for weight loss study 
Cold rolled mild steel and pure aluminium strips of size 2 cm x 2.5 
cm X 0.05 cm were used for corrosion study in acidic solutions by weight 
loss method. The composition of mild steel strips is as follows: 
c 
0.14% 
Mn 
0.35 % 
Si 
0.17% 
P 
0.03 % 
Fe 
Remainder 
2.L2. Test specimen for electrochemical study 
Cold rolled mild steel strips of above composition and aluminium 
strips having the working area of 1 cm^ were used for all electrochemical 
studies. 
2.L3. Test solutions 
The solutions of required concentrations of HCl, H2SO4, HCOOH and 
CH3COOH were used as corrosive media. The doubly distilled water was 
used to prepare all the test solutions. 5% of acetone or ethanol was added to 
the test solutions to solubilize the organic inhibitors. 
2.2. SYNTHESIS OF INHIBITORS 
The following inhibitors were synthesized in the laboratory and their 
inhibition properties were tested. The method of synthesis of these 
compounds is given in the following sections. 
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THIADIAZOLES 
1. 2-Amino-1,3, 4-thiadiazole 
2. 2-Amino-5-methyl-l, 3, 4-thiadiazole 
3. 2-Amino-5-ethyl -1,3, 4-thiadiazole 
4. 2-Amino-5-propyl -1,3, 4-thiadiazole 
AT 
AMT 
AET 
APT 
B. IMIDAZOLINES 
5. 2-Nonyl-1, 3-imidazoline 
6. 2-Undecyl -1, 3-imidazoline 
7. 2-Pentadecy 1-1, 3-imidazoline 
8. 2-Heptadecyl-l, 3-imidazoline 
NI 
UDI 
PDI 
HDI 
C. TRIAZOLES 
9. 5-Nony]-4-phenyl-3-mercapto-1, 2, 4-triazole NPMT 
10. 5-UndecyI-4-phenyl-3-mercapto-1, 2, 4-triazole UPMT 
11. 5-Pentadecyl- 4-phenyl- 3-mercapto-l, 2, 4-triazole PPMT 
12. 5-Heptadecyl-4-phenyl-3-mercapto-l, 2, 4-triazole HPMT 
D. AZATHIONES 
13. Cyclopentyl-tetrahydro-azathione 
14. Cyclohexyl-tetrahydro-azathione 
15. Isobuty 1-methyl-tetrahydro-azathione 
CPTAT 
CHTAT 
IBMTAT 
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2.2.1. Synthesis of 2-AIkyl-1, 3, 4 -Thiadiazoles'^^ 
An appropriate amount of carboxylic acid derivative (0.1 mol) was 
treated with thiosemicarbazide (0.1 mol) and few drops of concentrated 
sulphuric acid was added to catalyse the synthesis. The reaction mixture was 
then refluxed for 8 hours. After refluxing, the product (Scheme 2.1) was 
filtered, washed with water, dried and then crystallized from alcohol. 
The structural formulae, abbreviation, percentage yield, their melting 
point and Rf value are given in Table 2.2. The IR and NMR characterization 
data of these compounds are as follows: 
IR spectral data (significant bands v max 'n cm"' (KBr)) 
AT = 3348 (NH2), 1647 (C=N), 1311 (C-N), 600 (C-S). 
AMT = 3321 (NH2), 1645 (C=N), 1316 (C-N), 650 (C-S), 1284 (CH3-). 
AET = 3220 (NH2), 1642 (C=N), 1316 (C-N), 653 (C-S), 1002 (CH3CH2-). 
APT=3044 (NH2), 1653 (C=N), 1285 (C-N), 657 (C-S), 800 (CH3CH2CH2-). 
NMR Spectral data (5 CDCI3) 
APT = 0.983 (3H, CH3), 2.008 (4H, (CH2)2), 2.816 (2H, NH2). 
2.2.2. Synthesis of 2-AlkyI-l, 3-Iniidazohnes'^" 
0.1 Moles of fatty acid was dissolved in 50 ml absolute alcohol 
and 12 ml thionyl chloride was added to it. This mixture was refluxed 
for 3 hours. The reaction product was then treated with ethylene 
diamine (6 ml) and refluxed again for another 4 hours. The solid 
product formed (Scheme 2.2) was filtered, washed with water and 
recrystallized in ethanol. 
The structural formula, abbreviation, percentage yield, their melting 
point and Rf value are given in Table 2.3. IR and NMR 
characterization data of these compounds are given below: 
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IR Spectral data (significant bands Vmux •» cm'^  (KBr)) 
NI =1648 (C=N), 1352 (C-N), 2924 (C-H), 314 (N-H), 1172 (CH3). 
UDI = 1647 (C=N), 1323 (C-N), 2852 (C-H), 3257 (N-H), 1166 (CH3). 
PDI = 1640(C=N), 1463 (C-N), 2845 (C-H), 3290 (N-H), 1164 (CH3). 
HDI =1665 (C=N), 1372 (C-N), 2845 (C-H), 2921 (N-H), 1250 (CH3). 
NMR spectral data (5 CDCI3) 
UDI =7.350 (IH, NH), 1.936 (20H (CH2)io), 1.253 (3H, CH3), 2.006 (4H, 
(CH2)2). 
2.2.4. Synthesis of 3-AIkyl-4-Aryl-5-Mercapto-l, 2, 4-Triazoles ' " 
To a suspension of l-alkyl-4-aryl thiosemicarbazide (0.0 IM) in 25 ml 
ethanol, 20.0 ml of 10% ethanolic KOH was added and the mixture was 
re fluxed for 10 - 12 hours. The solution was cooled, added 15 ml water and 
mixture was then acidified to pH 5-6 with dil. HCl. A solid product 
separated (Scheme 2.3) was filtered, washed with water and recrystallized 
from ethanol. 
The structural formula, abbreviation, percentage yield, their melting 
point and Rf value are given in Table 2.4. The IR and NMR characteristics 
are presented below: 
IR spectral data (significant bands v^ax in cni' (KBr)) 
UPMT =1606 (C = N), 1313 (C -N), 999 (CgHj), 1733 (S - H), 2983 (C - H), 
1252 (CH3). 
NPMT =1734 (C = N), 1410 (C -N), 924 (CeHj), 2362 (S - H), 2848 (C - H), 
1233 (CH3). 
PPMT =1640 (C = N), 1311 (C -N), 915 (CgHj), 2354 (S - H), 2911 (C - H), 
1203 (CH3). 
HPMT =1557 (C = N), 1314 (C -N), 917 (CgHs), 2364 (S - H), 2850 (C - H), 
1251 (CH3). 
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NMR spectral data (5 CDCI3) 
UPMT = 7.388 (5 H, CgHj), 1.180 (1H,SH), 0.983 (3H, CH3), 2.295 (16H, 
(CH2)8). 
2.2.5. Synthesis of Cycloalkyl-tetrahydro Azathione & Alkyl- tetrahydro 
Azathione 
a) Preparation of Thiocarbohydrazide 
To a vigorously stirred solution of 250 grams (5.0 mol) hydrazine 
hydrate in 150 ml of water, 76 ml (1.0 mol) of carbon disulphide was added 
drop wise. The reaction mixture was then refluxed for 30 minutes. Cooled it 
in an ice bath for 30 minutes. The precipitated thiocarbohydrazide was 
filtered off, washed with ethanol and ether, dried and crystallized from 
minimum amount of water and acidified with a few drops of concentrated 
HCl. 
b) Preparation of Azathione 
Thiocarbohydrazide (0.1 mol) was dissolved in 50 ml water 0.1 mol 
of suitable ketone in 25 ml of ethanol was added to the thiocarbohydrazide 
solution. This mixture was kept overnight, which gave white precipitates of 
azathione and it was recrystallized with aqueous ethanol (Scheme 2.4). 
The structural formula, abbreviation, percentage yield, their melting point 
and Rf value are given in Table 2.5. The IR and NMR characteristics are as 
follows: 
IR spectral data (significant bands v ^ax in cm"^  (KBr)) 
CPTAT = 1260 (C=S), 1409 (C-N), 3201(N-H), 2953 ( > < ). 
CHTAT = 1222 (C=S), 1419 (C-N), 3207 (N-H), 2943 ( S < ). 
IBMTAT=1232 (C-S), 1363 (C-N), 3246 (N-H), 1125(CH3-), 998 (CH3)2CH-. 
:>! 
NMR spectral data (6 CDCI3) 
IBMTAT =7.390 (IH, N-H), 0.976 (3H, CH3), 1.317, (6H, (CH3)2), 3.672 
(1H,CH), 2.007 (2H,CH2). 
2.3. EQUIPMENTS AND TECHNIQUES USED 
2.3.1. Characterization of the synthesized compounds 
Determination of melting point: Melting points of the synthesized 
compounds were recorded on a Reichert Thermovar apparatus. 
Determination of Rf values: Rf values were determined by thin layer 
chromatography using Silica-Gel G254 (MERCK) as support. Petroleum 
ether, ethyl acetate and methyl alcohol in the respective ratio ( 5 : 3 : 2 ) were 
used as mobile phase. Iodine was used as developer. 
Infra red spectroscopy: IR spectra were recorded by 
spectrophotometer Model No Interspec 2020, UK using KBr as an 
internal standard. 
Nuclear magnetic resonance: The H-NMR spectra were recorded in 
CDCI3 on a Bruker spectrospin 300 mega Hertz spectrometer with IMS 
(Me4Si) as an internal standard and its values are given in ppm (5). The 
chemical shift was recorded relative to TMS assigned at zero. 
2.3.2. Determination of Corrosion Rate and Other related parameters 
Weight Loss Method: The specimens of strip size (2 cm x 2.5 cm x 
0.05 cm) of steel and aluminium were mechanically polished with 1/0 to 4/0 
grade of emery papers. In each specimen a hole of 1.5 mm diameter was 
drilled to mount the specimen. After polishing, the specimens were washed 
with distilled water and degreased with trichloroethylene. The cleaned and 
dried specimen were measured for the total surface area with utmost 
accuracy by using the following equation (as per ASTM method) '^^ 
5 j 
A = 2 (length x width + length x thickness + width x thickness - TT: x 
radius + TI x radius x thickness) 
The weight of the specimen was measured before exposing it to the 
corrodent solution on a Sartorious balance. The volume of the test solution 
(corrodent) was kept large excess over per square centimetre of the metal 
strip to avoid any appreciable change in its corrosivity during the test, either 
through exhaustion of corrosive constituent or by accumulation of corrosion 
products that might affect further corrosion. The studies were carried out 
under varying conditions of immersion time, solution temperature, and 
concentrations of inhibitor and acid. After a definite immersion time, the 
specimen was taken out and washed with running water. The corrosion 
product on the steel surface, if any, was removed mechanically by rubbing 
with brush. The specimen was then dried and loss in weight was recorded by 
weighing. Constant temperature bath was used to study the weight loss at 
desired temperatures (±1°C). Covered beakers containing acidic solutions 
were used to study corrosion rate. The percentage inhibition efficiency (% 
I.E.) was calculated using the following equations'^'*: 
C° -C %I.E.= '^  „ '^ xlOO 
C 
C° -C 
Q — ^ R 
Corrosion rate (CR) in mmpy was obtained by the use of the 
following equation. 
8.76 X lO* X weight loss (mg) CR = 
Surface Area of Specimen (cm^) x time(h) x density of specimen (gem ^) 
Potentiodynamic Polarization Technique: Working electrode of size 1 cm 
X 1 cm with tag of 4 cm was cut from the steel and aluminium and polished 
with 1/0 to 4/0 of emery papers. The specimens were then washed with 
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distilled water and finally degreased with trichloroethylene. The unwanted 
area of the working electrode was coated with a commercial lacquer to get a 
well-defined working area of 1 cm . The potentiodynamic polarization 
studies were carried out using EG & G PARC potentiostat / galvanostat 
(model 173), universal programmer (model 175) and X - Y recorder (model 
RE 0089)'^^. A platinum foil and saturated calomel electrode were used as 
auxiliary and reference electrode, respectively. All the experiments were 
carried out at constant temperature of 30 ± 1 °C and at a scan rate of ImV / 
sec. The polarization curves were recorded after immersion of the electrode 
in the solution for 30 minutes (after steady state is reached). Corrosion rate 
was calculated by using the following relationship'^^. 
^p_0 .13xUxE.W 
D 
The percentage inhibition efficiency was calculated using the 
following equation: 
I 
corro 
Electrochemical Impedance Technique: In this technique a three 
electrodes assembly consisting of working electrode of mild steel or 
aluminium strip, platinum as auxiliary electrode and calomel as reference 
electrode were used. The working electrode i.e. specimen was polished with 
emery paper of grade 1/0 to 4/0 and degreased with trichloroethylene and 
then immersed in the test solution kept in the cell. The connection of these 
electrodes is shown in the block diagram of the circuit in Figure 2.1. A time 
interval of 15 - 20 minutes was given for the open circuit potential to reach 
a steady state. 
Impedance measurements were performed at Econ- with the ac voltage 
amplitude + 5mV in the frequency range from 5 Hz - 100 KHz. All the 
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measurements were carried out by Zahner IM-6 electrochemical workstation 
using an IBM computer'^^. 
The values of Rt and Cdi were obtained using the Nyquist Plot^ ^ .^ The 
values of solution resistance (Rs) are negligible for acidic solution and the 
Rs + Rt values were taken together as Rf The percentage inhibition 
efficiency was calculated using the following equation: 
0/oI.E. = 1 ^ ^ - ^ ! ^ 
1/R,„ 
100 
y 
Rs 
•»1 U n i v e < ^ 
Q i 
Rt 
-VSftV\AftftV^ W 
Fig. 2.1. Block diagram of impedance set up. 
Cdi values were calculated from the frequency at which the imaginary 
component of impedance was maximum (Zim max) using the following 
equation. 
C 1 1 dl 77rf R 
Scanning Electron Microscopy: Scanning electron microscope (SEM) 
(Model No 435 VP LEO) was used to study the morphology of corroded 
surface in the presence and absence of inhibitors. The specimens were 
thoroughly washed with double distilled water before mounting on the slide. 
The photographs were taken at appropriate magnifications (x 2000 -3000|a). 
To understand the morphology of the steel and aluminium surface in 
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absence and presence of inhibitors, SEM was performed for the following 
samples under the given conditions. 
i. Polished mild steel and aluminium strips. 
ii. Mild steel after dipping in 1.0 mol dm"^  H2SO4 / 20% formic acid 
iii. Aluminium strip after dipping in 1.0 mol dm"^  HCl. 
iv. Mild steel specimens after dipping in 1.0 mol dm''^  H2SO4 / 20% 
formic acid containing optimum concentration of inhibitor. 
V. Aluminium specimen after dipping in 1.0 mol dm' HCl 
containing optimum concentration of inhibitor. 
2.4. DETERMINATION OF THERMODYNAMIC PARAMETERS 
Determination of Activation Energy: The corrosion rate at varying 
temperatures in the range from 30 °C to 60 °C was determined while 
keeping all other parameters fixed. The values of activation energy (Ea) 
were calculated from the slope of the plot of log (CR) versus 1/T by using 
the Arrhenius equation'^^"'^'. 
Log(CR)= ~^^ + A 
2.303RT 
Determination of Free Energy of Adsorption: The free energy of 
adsorption of inhibitor at the metal surface was calculated*'^ using the 
equation given below: 
AGads = -RT In (55.5K) 
and K is given by: 
K = e/C (1-0) 
Determination of Heat of Adsorption: The value of heat of adsorption for 
inhibitor at the metal surface was determined by plotting log (0/1-0) against 
1/T and the slope of the plot gave the value of Q . 
Slope = ~^ 
2.303 i? 
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Determination of Entropy and Enthalpy: To determine AH and AS the 
174 following equation was used 
CR = RT 
Nh exp 
^AS^ 
R exp 
AH 
RT 
The slope of plot log (CR/T) versus 1/T was used to obtain the values 
of AH and the values of AS were obtained from the intercept. 
Determination of Half-life: The Plot of log (weight loss) versus Immersion 
time was used to calculate the values of half-life . The half-life (ti/2) was 
calculated using the following first order relationship: 
t,/2=0.693/k 
where, k is the rate constant and is given by 
k = 2.303 log ^ ^^^g^ '^"^^^ 
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RCOOH + H2N-C-NHNH2 C2H5OH 
H2SO4 
N N 
R NH9 
l . R = H 
2. R = CH3 
3.R = C2H5 
4 .R = C3H7 
(1-4) 
SCHEME 2.1 
RCOOH + SOCI2 
5.R=CH3-(CH2)8 
6.R=CH3-(CH2)io 
7.R=CH3-(CH2)i4 
8.R-CH3-(CH2),6 
A 
^ RCOCl 
H2N-CH2-CH2-NH2 
•N 
N ' R 
H 
( 5 - 8 ) 
SCHEME 2.2 
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O 
C9H.OH II 
R-COOH ^-^ ^ R-C-OC2H5 
A 
H2N-NH2 
o 
II 
R-~C-NHNH2 
C6H5-N = C = S 
A 
o s 
II II 
R-C-NHNH-C-NH 
A 10%KOH 
N N 
9.R=CH3-(CH2)8 
10.R = CH3-(CH2)io 
l l .R=CH3-(CH2)i4 
12.R=CH3-(CH2)i6 
R N SH 
(9 -12) 
SCHEME 2.3 
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NH2NH-C-NHNH2 
A 
S = C = S + NH2-NH2 
13 .n= l 
14.n = 2 
15.R = CH3 
(CH2)n 
O 
RCOR 
H,C 
R,= 
H,C 
CH-CH2 
SCHEME 2.4 
(CH2)n 
HN NH 
1 HN NH T 
s 
(13 - 14) 
HN NH 
1 1 HN NH T 
s 
(15) 
Table 2.1. Name, Abbreviation and Purity of Chemicals used. 
Name 
Thiosemicarbazide (TS) 
Cyclopentanone (CP) 
Decanoic Acid (DH) 
Dodecanoic Acid 
(DDH) 
Hexadecanoic Acid 
(HDH) 
Octadecanoic Acid 
(ODH) 
Hydrazine Hydrate 
(HH) 
Cyclohexanone (CH) 
Isobutyl methyl ketone 
Phenyl isothio-Cyanate 
Thionyl Chloride (TC) 
Ethylene Diamine (EA) 
Potassium Hydroxide 
Carbon disulphide 
Mol. formula 
H2NCSNH2 
C5H5O 
C9H19COOH 
C11H23COOH 
CisHsiCOOH 
C17H35COOH 
H2NNH2 
C6H5O 
(CH3)2CHCOCH3 
C6H5NCS 
SOCI2 
H2N (CH2)2NH2 
KOH 
CS2 
Make 
CDH 
Merck 
CDH 
CDH 
CDH 
CDH 
Qualigens 
CDH 
Merck 
Merck 
Merck 
Merck 
Merck 
Thomas Baker 
% Purity 
99 
99 
98.5-100.5 
98.5-100.5 
99.0-101.0 
98-100 
99-100 
99 
99 
98 
99 
99.5 
84 
99.5 
1 
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Sulphuric acid 
Petroleum Ether (Pet) 
Methanol (MeOH) 
Iodine 
Acetone 
Ethyl Alcohol (EtOH) 
Benzene (B) 
Methanoic acid (MA) 
Ethanoic acid 
Propanoic acid (PA) 
Butanoic acid (BA) 
Hydrochloric Acid 
Silica -gel 
H2SO4 
-
CH3OH 
I2 
C3H6O 
C2H5OH 
CeHg 
HCOOH 
CH3COOH 
C2H5COOH 
C3H7COOH 
HCl 
-
Merck 
Merck 
Qualigens 
Merck 
Merck 
Merck 
Merck 
Merck 
CDH 
CDH 
CDH 
Merck 
Merck 
98 
90 
99.5 
99.5-100.5 
99 
100 
99 
100 
99.5 
99 
99 
35 
-
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Table 2.2. Structure Formula, % Yield, Melting point and Rf value of 
synthesized thiadiazoles. 
N N 
\ , R "^ s-^ ^ NH: 
S.No 
1. 
2. 
3. 
4. 
Name of the compounds 
(Abbreviated) 
For R - H 
2-Amino-l, 3, 4-
thiadiazole (AT) 
For R = CH3 
2-Amino-5-methyl-l, 
3, 4-thiadiazole 
(AMT) 
For R = C2H5 
2-Amino-5-ethyl -1 , 
3, 4-thiadiazole (AET) 
For R = C3H7 
2-Amino-5-propyl -1, 
3, 4-thiadiazole (APT) 
Yield 
(%) 
87 
95 
82 
74 
M.P. 
CC) 
101 
122 
163 
175 
Rf value 
Pet: E.A. : MeOH 
( 5 : 3 : 2 ) 
0.73 
0.57 
0.42 
0.60 
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Table 2.3. Structure Formula, % Yield, Melting point and Rf value of 
synthesized imidazolines. 
S.No 
5. 
6. 
7. 
8. 
Name of the compounds 
(Abbreviated) 
For R = CH3-(CH2 )8 
2- Nonyl -1 , 3-imidazoline 
(NI) 
ForR = CH3-(CH2)io 
2-Undecyl -1 , 3-imidazoline 
(UDI) 
ForR = CH3-(CH2),4 
2- Pentadecyl-1, 3-
imidazoline (PDI) 
ForR = CH3-(CH2)i6 
2-Heptadecyl-1,3-
imidazoline (HDI) 
Yield 
(%) 
82 
76 
80 
78 
M.P. 
CO 
252 
290 
132 
146 
Rf value 
Pet: E.A. : MeOH 
( 5 : 3 : 2 ) 
0.35 
0.28 
0.52 
0.43 
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Table 2.4. Structure Formula, % Yield, Melting point and Rf value of 
synthesized triazoles. 
S.No 
9. 
10. 
11. 
12. 
Name of the compounds 
(Abbreviated) 
ForR = CH3-(CH2)8 
5 -Nony 1-4-pheny 1- 3 -
mercapto -1,2,4-triazole 
(NPMT) 
ForR = CH3-(CH2)io 
5-Undecyl-4-phenyl-3-
mercapto-1, 2,4-triazole 
(UPMT) 
ForR-CH3-(CH2)i4 
5-Pentadecyl-4-phenyl-3-
mercapto-1, 2,4-triazole 
(PPMT) 
ForR = CH3-(CH2)i6 
5-Heptadecyl-4-phenyl-3-
mercapto-1, 2,4-triazole 
(HPMT) 
Yield 
(%) 
70 
72 
71 
68 
M.P. 
ro 
252 
290 
132 
146 
Rf value 
Pet: E.A. : MeOH 
( 5 : 3 : 2 ) 
0.49 
0.38 
0.45 
0.52 
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Table 2.5. Structure Formula, % Yield, Melting point and Rf value of 
synthesized azathiones. 
HN 
I 
HN 
(CH2)n 
NH 
I 
NH 
HN NH 
I I 
HN^ .NH 
S.No 
13. 
14. 
15. 
Name of the compounds 
(Abbreviated) 
For n =1 
Cyclopentyl-tetrahydro-
azathione (CPTAT) 
For n =2 
Cyclohexyl-tetrahydro-
azathione (CHTAT) 
For R = CH3 
R, = (CH3)2CH-CH2-
Isobutyl-methyl-tetrahydro-
azathione (IBMTAT) 
Yield 
(%) 
80 
74 
72 
M.P. 
CO 
150 
145 
106 
Rf value 
Pet: E.A. : MeOH 
( 5 : 3 : 2 ) 
0.57 
0.48 
0.63 
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ABBREVIATIONS USED 
A= Total surface area (cm^) 
I.E = Inhibition efficiency (%) 
CR = Corrosion rate (mmpy) 
CR° = Corrosion rate in uninhibited system (mmpy) 
CR = Corrosion rate in inhibited system (mmpy) 
E.W = Equivalent weight 
D = Density (g cm'^) 
Icorr o = Corrosion current density without inhibitor (mA cm "^ ) 
Icon- i = Corrosion current density with inhibitor (mA cm "^ ) 
Ecorr = Corrosion potential (mV) 
ba= Anodic tafel constant ( mVdec"') 
bc= Cathodic tafel constant ( mVdec'^) 
CR ^ Capacitance (fiF cm '^ ) 
Rs = Solution resistance (ohm cm ^ ) 
Cdi = Double layer (|j.F cm '^ ) 
W = Warburg impedance 
f = Frequency of component of impedance (s"') 
Rt o = Charge transfer resistance without inhibitor (ohm cm )^ 
Rt i = Charge transfer resistance with inhibitor (ohm cm ) 
0 = Degree of surface coverage of metal 
C = Concentration of inhibitor (mole 1'', ppm) 
T = Temperature (K, °C) 
R = Universal gas constant (J K''mor') 
K = Equilibrium constant 
h = Plank s constant (J-s) 
N = Avogadro s number (6.023 x 10^ ^ mol" )^ 
AS = Change in entropy (J mof'K"') 
AH = Change in enthalpy (kJ mol"') 
Eg = Activation energy (kJ mol'') 
AGads = Change in free energy of adsorption (kJ mol"') 
Q = Heat of adsorption (kJ mol" ) 
ti/2 = Half-life (hours) 
k = Rate constant (s"') 
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This Chapter includes the studies on the corrosion inhibiting properties 
of thiadiazole derivatives such as 2-Amino-l, 3, 4-thiadiazole (AT), 2-
Amino-5-methyl-l, 3, 4-thiadiazole (AMT), 2-Amino-5-ethyl -1, 3, 4-
thiadiazole (AET) and 2-Amino-5-propyl -1,3, 4-thiadiazole (APT) on mild 
steel in acidic medium. The synthesized compounds were characterized and 
tested for inhibitive action on mild steel in hydrochloric acid and sulphuric 
acid by weight loss method, potentiodynamic polarization method and 
electrochemical impedance method. The observed results are presented and 
discussed herewith. 
RESULTS AND DISCUSSION 
3.1. WEIGHT LOSS STUDIES 
The influence of thiadiazoles on the corrosion rate of mild steel in 1.0 
mol dm" HCl and 0.5 mol dm' H2SO4 was studied by monitoring the 
weight loss. The temperature was kept constant at 30 °C and the immersion 
time was 2 hours. The corrosion rate and inhibition efficiency were 
calculated by using the following equations: 
ATD 
C° -C %I.E.= "^  „ '^ xlOO 
C 
The corrosion rate and the inhibition efficiency were determined at 
different concentrations of thiadiazoles and the values are given in Tables 
3.1a-3.1b. 
The weight loss studies were carried out under the varying 
concentrations of inhibitor, immersion time, temperature and acid solution. 
The effect of variation of concentration of inhibitor on corrosion rate was 
studied from 10 ppm - 120 ppm. The addition of thiadiazoles in HCl and 
H2SO4 solutions decreased the rate of corrosion of mild steel. It has also 
been observed that the inhibition efficiency of these compounds increased 
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with the increase in concentration upto 100 ppm and, thereafter, the 
inhibition efficiency decreased with further increase in [inhibitor]. Thus, 
these inhibitor displayed maximum inhibition efficiency at 100 ppm 
(Figures 3.1a- 3.1b). 
The effect of immersion time on the inhibition efficiency of 
thiadiazole was studied by dipping mild steel strip in 1.0 mol dm' / 0.5 mol 
dm''^  acidic solutions of HCl and H2SO4 respectively, at 30 °C. The 
inhibition efficiency decreased with the increase in immersion time from 
2h to 24h. The results are shown in Figures 3.2a - 3.2b. 
The inhibition efficiencies of thiadiazoles at different temperatures in 
the range 30 °C - 60 °C were studied by weight loss method and the 
observed results are shown in Figures 3.3a - 3.3b. The addition of 
thiadiazoles increased the inhibition efficiency significantly with an increase 
in temperature'^^ from 30 to 60 °C, indicating the formation of strongly 
adsorbed film of thiadiazoles in this temperature range. This behaviour 
shows the persistency of the adsorbed thiadiazoles over a longer test period. 
The dependence of inhibition efficiency on the concentration of hydrochloric 
and sulphuric acid was carried out by monitoring the weight loss at varying 
acid concentrations in the range 1.0 mol dm' - 3.0 mol dm' HCl and 0.5 
mol dm''^  - 1.5 mol dm'^  H2SO4. The observed results suggest that the 
inhibition efficiency does not varies significantly with increase in acid 
concentration in presence of thiadiazoles. Thus the thiadiazole compounds 
behave as effective inhibitors in varying acid concentrations . Figures 3.4a 
- 3.4b depict the variation of inhibition efficiency on acid concentration in 
the presence of thiadiazoles. 
The loss in weight of mild steel at different initial concentrations of 
inhibitor in 1.0 mol dm' HCl and 0.5 mol dm' H2SO4 was investigated at 30 
°C after 2 hours of immersion time. The data obtained from the weight loss 
studies were used to evaluate surface coverage (9) during the adsorption of 
thiadiazoles over mild steel surface. The data were tested graphically by 
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fitting to various isotherms (Temkin, Freundlich and Langmuir). A straight 
line was obtained on plotting log (6 /I-9) versus log C, (Figures 3.5 a - 3.5 
b) suggesting that the adsorption of the thiadiazoles on mild steel surface 
follows Langmuir's adsorption isotherm. To obtain the values of heat of 
adsorption (Q), log (9/1-G) was plotted against 1/T as shown in Figures 3.6 a 
- 3.6 b and the slope gave the heat of adsorption (Q). The values of Q for 
different thiadiazoles are presented in Tables 3.2, and the lower values 
suggest the physical nature of adsorption'". 
A number of different experiments were performed at different 
temperatures in the range from 30 °C to 60 °C at fixed concentrations of 
hydrochloric acid (1.0 mol dm") and sulphuric acid (0.5 mol dm' ) and 
inhibitor (100 ppm). The immersion period was 2h and the corrosion rate 
was determined at temperatures 30°C, 40°C, 50°C and 60°C. Log (corrosion 
rate) versus 1/T was plotted (Figures 3.7a - 3.7b) and the slope of the plot 
gave the values of Eg. The values of activation energy (Eg) for the 
dissolution of iron in the presence of thiadiazoles are presented in Table 3.2. 
The addition of thiadiazoles lowers the values of energy of activation in both 
HCl and H2SO4 medium. The lowering in Ea values in the presence of 
inhibitors are the resultant values of the two processes occurring 
simultaneously i.e., the dissolution of mild steel and adsorption of 
thiadiazoles at the mild steel surface. Thus the obtained values of Eg is the 
net change in entropy of activation for the adsorption for inhibitor at the 
metal surface as it is evident from the decrease in rate of dissolution of metal 
in the presence of thiadiazoles. 
To obtain the values of AH and AS for the corrosion of mild steel in 
the presence of thiadiazoles and HCl / H2SO4, logarithm of (CR IT) was 
plotted against 1/T (Figures 3.8a - 3.8b). The slope and intercept of plots 
gave the values of AH and AS respectively and are listed in Table 3.2. The 
change in enthalpies (AH) in the presence of AT, AMT, AET and APT 
signify the net enthalpy change for the adsorption of thiadiazoles at the mild 
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steel surface rather than the dissolution of metal. The variation in the values 
of AH in the presence of AT, AMT, AET and APT may be due to the energy 
released during the adsorption of AT, AMT, AET and APT at mild steel 
surface'^". It is evident from the fact that the presence of AT, AMT, AET 
and APT reduces the corrosion rate and increases the inhibition efficiency. 
The values of entropy of activation AS in the absence and presence of 
thiadiazoles are negative and large'^'. This indicates that the activated 
complex formed during the adsorption of inhibitor processes is an 
associative in nature rather than dissociative step. Therefore, a decrease in 
disordemess takes place during the transformation from reactants to the 
activated complex'^^. 
The change in free energy of adsorption (AGgds) was calculated " 
using the following equation and the values are given in Table 3.2. 
AGads = -RT In (55.5K) 
and K is given by: 
K = e/C (1-9) 
The lower values of AGads indicate that thiadiazoles are physically 
adsorbed on the metal surface . The negative values of AGads suggest the 
adsorption of inhibitor on the surface of mild steel is a spontaneous 
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process . 
In order to determine the dependency of the corrosion rate on 
immersion time, a number of experiments were performed in which weight 
losses were monitored as a function of immersion time. The concentrations 
of HCl / H2SO4 and inhibitor were kept constant at 1.0 mol dm"^ / 0.5 mol 
dm' and 100 ppm, respectively at 30 °C. A straight line was obtained for the 
plot of log (weight loss) versus immersion time as depicted in Figures 3.9a -
3.9b. The reaction obeyed first order kinetics for the dissolution of mild 
steel. The rate constant was calculated using the first order rate law'''^. 
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. 2.303 , [ A J 
t [A] 
where AQ is the initial mass of the metal and A is the mass of the metal 
corresponding to time t. The half-life (ti/2) value was calculated using the 
following equation . 
11/2 = 0.693 /k 
The values of the rate constant and half-life period (ti/2) obtained in 
the absence and presence of thiadiazoles are summarized in Table 3.3. The 
half-life (ti/2) values give the information regarding the durability of 
inhibitor film on the mild steel surface under the studied corrosive 
conditions'^^. 
3.2. POTENTIODYNAMIC POLARIZATION STUDIES 
The potentiodynamic polarization studies of mild steel in 1.0 mol dm^ 
HCl / 0.5 mol dm" H2SO4 m the absence and presence of different 
thiadiazoles (AT, AMT, AET and APT) at 100 ppm concentration at 30±1 
°C are shown in Figures 3.10a - 3.10b. 
Tafel plots were used to calculate corrosion current density (Icorr), 
corrosion potential (Ecorr), inhibition efficiency (IE) and Tafel slope 
constants (bg & be). These values are given in Table 3.4. 
The values of Icon- decreased significantly in the presence of inhibitor. 
Maximum decrease in Icorr was observed for APT. All the thiadiazoles do not 
show any significant change in Ecom bg and be values suggesting that these 
compounds are mixed type inhibitors i.e., they retard the corrosion reaction 
by blocking both anodic and cathodic sites of the metal'^^. 
3.3. ELECTROCHEMICAL IMPEDANCE STUDIES 
The Impedance study was performed at 30+1 °C on mild steel in 0.5 
mol dm"^  H2SO4 in the absence and presence APT at different concentration 
of 10, 50 and 100 ppm. 
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Table 3.5 gives the results of impedance studies and Figure 3.11 
shows Nyquist plots in the presence of 10, 50 and 100 ppm of APT. The 
Nyquist plots are not perfect semicircles and this difference has been 
attributed to frequency dispersion . ' The values of Rt and Cai were 
calculated from Nyquist plots . The percentage inhibition efficiency was 
calculated from the following equation'^^. 
%I.E. = ^^- ~^^" X 100 
l/R,o 
where Rto and Rti are charge transfer resistance without and with inhibitor, 
respectively and its values are given in Table 3.5. Rt values increases with 
increase in inhibitor concentration (APT) and, in turn, it leads to an increase 
in inhibition efficiency. The addition of APT to 0.5 mol dm"^  H2SO4 lowers 
the Cdi values, which shows that the inhibition in corrosion may be due to 
1 RQ 
surface adsorption of the inhibitor 
3.4. SCANNING ELECTRON MICROSCOPIC STUDIES 
Photograph of the mild steel surface was taken by scanning electron 
microscope (Model No 435 VP LEO) after its immersion in solutions 
containing H2SO4, and H2SO4 and APT. It was observed that the surface of 
mild steel immersed in thiadiazoles solutions was smoother than that in 
blank 0.5 mol dm'^  H2SO4 alone (Figure 3.12). This observation suggests 
that the inhibitors form protective layer over the metal surface and prevent 
the attack of acid on metal surface'^ * .^ 
3.5. MECHANISM OF CORROSION INHIBITION 
Inhibition of mild steel corrosion in acidic solutions by thiadiazoles 
can be explained on the basis of its adsorption on mild steel surface. These 
compounds inhibit corrosion by controlling both the anodic and cathodic 
reactions. In acidic solutions these compounds exist as protonated species. 
These protonated species adsorb on the surface through the Ti-electrons of 
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the aromatic ring and also through the lone pair of electrons of nitrogen and 
sulphur atoms '^'. 
Among the compounds iru/estigated, the order of inhibition efficiency 
follows as: 
APT >AET >AMT > AT 
(C3) (C2) (C) (H) 
The presence of the propyl group in APT increases the density of 
electrons on the sulphur and nitrogen atoms due to +1 effect, which facilitate 
stronger adsorption of APT on the mild steel surface. This leads to higher 
inhibition efficiency of APT in comparison with other derivatives of 
thiadiazoles. 
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Table 3,1a Dependence of corrosion rate and inhibition efficiency on 
varying concentration of thiadiazoles. 
Inhibitor 
Used 
AT 
AMT 
AET 
APT 
Concentration 
(ppm) 
0 
10 
25 
50 
75 
100 
120 
0 
10 
25 
50 
75 
100 
120 
0 
10 
25 
50 
75 
100 
120 
0 
10 
25 
50 
75 
100 
120 
Weight loss 
(mg) 
61.20 
16.9 
8.80 
4.90 
4.10 
2.50 
3.14 
61.20 
13.20 
6.40 
4.30 
3.60 
2.20 
3.34 
61.20 
10.60 
7.10 
4.00 
3.40 
2.10 
3.19 
61.20 
7.20 
6.00 
3.10 
2.40 
1.30 
2.91 
IE 
(%) 
-
73.39 
85.62 
91.99 
93.30 
95.92 
94.86 
-
78.43 
88.39 
92.97 
94.12 
96.41 
94.54 
-
82.67 
89.54 
93.46 
94.44 
96.56 
94.79 
-
88.07 
90.20 
94.93 
96.07 
97.88 
95.24 
CR 
(mmpy) 
34.10 
8.92 
4.90 
2.73 
2.28 
1.39 
1.75 
34.10 
7.36 
3.57 
2.40 
2.01 
1.23 
1.86 
34.10 
5.91 
3.96 
2.23 
1.89 
1.17 
1.78 
34.10 
4.07 
3.34 
1.73 
1.38 
0.72 
1.62 
[HCl] = 1.0 mol dm"^ , Temp = 30 °C, Immersion time = 2 hours 
Table 3.1b Dependence of corrosion rate and inhibition 
varying concentration of thiadiazoles. 
Inhibitor 
Used 
AT 
AMT 
AET 
APT 
Concentration 
(ppm) 
0 
10 
25 
50 
75 
100 
120 
0 
10 
25 
50 
75 
100 
120 
0 
10 
25 
50 
75 
100 
120 
0 
10 
25 
50 
75 
100 
120 
Weight loss 
(mg) 
108.00 
4.07 
3.34 
1.73 
1.38 
0.72 
7.06 
108.00 
23.07 
11.38 
7.20 
5.49 
2.50 
4.99 
108.00 
18.24 
10.55 
6.50 
5.21 
2.32 
4.68 
108.00 
10.90 
9.02 
2.97 
2.12 
1.53 
3.96 
IE 
(%) 
-
73.15 
85.90 
86.92 
93.60 
96.82 
93.46 
-
78.63 
89.46 
93.33 
94.91 
97.10 
95.38 
-
83.11 
90.23 
93.98 
95.17 
97.85 
95.67 
-
89.90 
91.64 
95.72 
98.03 
98.58 
96.33 
CR 
(mmpy) 
60.18 
16.15 
8.48 
4.61 
3.85 
1.91 
3.94 
60.18 
12.85 
6.34 
4.01 
3.06 
1.74 
2.78 
60.18 
10.16 
5.88 
3.62 
2.90 
1.29 
2.60 
60 J 8 
6.07 
5.03 
1.66 
1.18 
0.85 
2.21 
-3 [H2SO4] = 0.5 mol dm', Temp = 30 C, Immersion time = 2 hours 
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Table 3.2. Thermodynamic activation parameters for corrosion of mild steel 
in the absence and presence of thiadiazoles. 
System 
HCl 
AT 
AMT 
AET 
APT 
H2SO4 
AT 
AMT 
AET 
APT 
E. 
(kJ mor*) 
57.33 
52.84 
51.44 
46.95 
38.23 
56.73 
53.68 
44.81 
42.95 
50.10 
-AH 
(kJ mol') 
57.40 
103.00 
60.90 
73.60 
47.85 
59.22 
18.06 
25.47 
20.33 
27.13 
-AS 
(J mor^K-^) 
197.59 
226.31 
228.23 
230.15 
235.93 
199.51 
224.40 
231.11 
227.28 
239.24 
-AGads 
(kJ mor^) 
-
37.74 
38.07 
39.22 
39.62 
-
38.01 
38.87 
39.99 
40.03 
-Q 
(kJ mor') 
-
5.74 
11.43 
19.14 
38.20 
-
28.70 
9.57 
6.38 
3.83 
-3. [Thiadiazoles] = 100 ppm; [HCl] = 1.0 mol dm"7 [H2SO4] = 0.5mol dm"'; 
Time = 2 hours 
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Table 3.3. Half-life values (in hours, h) for the corrosion of mild steel in the 
presence of thiadiazoles. 
System 
HCl 
HCl + AT 
HCl + AMT 
HCl + AET 
HCl + APT 
H2SG4 
H2SO4 + AT 
H2SO4 + AMT 
H2SO4+AET 
H2SO4+APT 
10"^k(h-*) 
45.80 ±0.126 
4.832 ± 0.321 
4.532 ± 0.294 
4.245 ± 0.241 
3.749 ±0.133 
49.60 ±0.126 
6.726 ±0.321 
5.400 ±0.294 
3.527 ±0.241 
3.073 ± 0.133 
tm(h) 
15.13 
143.41 
152.91 
163.25 
184.84 
13.87 
103.03 
128.33 
196.48 
225.51 
[Thiadiazoles] = 100 ppm; [HCl] = 1.0 mol dm"V [H2SO4] = 0.5mol dm'^ 
Temp = 30 °C 
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Table 3.4. Electrochemical polarization parameters for the corrosion of mild 
steel in HCl and H2SO4 containing thiadiazoles. 
System 
HCl 
HC1+ AT 
HC1+ AMI 
HCl + AET 
HCl + APT 
H2SO4 
H2SO4+ AT 
H2SO4+AMT 
H2SO4+AET 
H2SO4+APT 
*^corr 
(mV) 
-525.00 
-538.00 
-523.00 
-523.00 
-515.00 
-533.00 
-513.00 
-537.00 
-543.00 
-530.00 
•^ corr 
(mA cm'^) 
0.350 
0.080 
0.060 
0.058 
0.055 
0.360 
0.100 
0.095 
0.040 
0.029 
IE 
(%) 
-
77.14 
82.86 
83.43 
84.29 
-
72.22 
73.61 
88.89 
91.94 
b. 
(mV dec^ )^ 
60 
63 
70 
58 
67 
87 
80 
83 
93 
90 
be 
(mV dec-*) 
130 
150 
143 
137 
157 
143 
137 
160 
137 
140 
[Thiadiazoles] = 100 ppm; [HCl] = 1.0 mol dm'V [H2SO4] = 0.5mol dm"^ ; 
Temp = 30 °C 
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Table 3.5. Dependence of electrochemical impedance parameters on [APT] 
for mild steel in H2SO4. 
System 
0 
10 
50 
100 
Rt 
(ohm cm )^ 
17.00 
100.45 
157.62 
260.83 
Cdi 
(nFcm-^) 
1756.80 
959.67 
785.02 
337.96 
IE 
(%) 
-
83.00 
89.21 
93.48 
-3. [H2SO4] = 0.5 mol dm"'; Temp = 30 °C 
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100 
30 60 90 120 
[Inhibitor] ppm 
Fig. 3.1 a Variation of inhibition efficiency on [thiadiazole] (1. AT; 2. AMT; 3. 
AET; 4. APT) for the corrosion of mild steel in HCl. 
Reaction conditions [HCl] =1.0 mol dm'^ , Temp =30 °C, Immersion 
time =2 hours. 
100 
30 60 90 120 
[Iniiibitor] ppm 
Fig. 3.1 b Variation of inhibition efficiency on [thiadiazole] (1. AT; 2. AMT; 3. 
AET; 4. APT) for the corrosion of mild steel in H2SO4. 
Reaction conditions [H2SO4] =0.5 mol dm'^ Temp =30 °C, Immersion 
time =2 hours. 
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2 A 6 8 2^ 
Immersion time (h) 
Fig. 3.2 a Variation of inhibition efficiency on immersion time for the corrosion 
of mild steel in presence of HCl and thiadiazoles (1. AT; 2. AMT; 3. 
AET; 4. APT). 
Reaction conditions [HCl] =1.0 mol dm'^ , Temp= 30 °C, [inhibitor] 
=100 ppm. 
100 
2 A 6 8 24 
Immersion time (h ) 
Fig. 3.2 b Variation of inhibition efficiency on immersion time for the corrosion 
of mild steel in presence of H2SO4 and thiadiazoles (1. AT; 2. AMT; 3. 
AET; 4. APT). 
Reaction conditions [H2SO4] =0.5 mol dm'^ , Temp= 30 °C, [inhibitor] 
=100 ppm. 
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Temperature ( C ) 
Fig. 3.3 a Variation of inhibition efficiency on temperature for the corrosion of 
mild steel in presence of HCl and thiadiazoles (1. AT; 2. AMT; 3. AET; 
4. APT). 
Reaction conditions [HCl] =1.0 mol dm"^ , hnmersion time =2 hours, 
[inhibitor] =100 ppm. 
Temperature ( C ) 
Fig. 3.3 b Variation of inhibition efficiency on temperature for the corrosion of 
mild steel in presence of H2SO4 and thiadiazoles (1. AT; 2. AMT; 3. 
AET; 4. APT). 
Reaction conditions [H2SO4] =0.5 mol dm'^. Immersion time =2 hours, 
[inhibitor] =100 ppm. 
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1 2 3 
HCI(moldm"^) 
Fig. 3.4 a Variation of inhibition efficiency on [HCl] for the corrosion of mild 
steel in presence of thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT). 
Reaction conditions [inhibitor] =100ppm, Tenip= 30 °C, Immersion 
time =2 hours. 
100 
tu 
H2S04(moldm-"^) 
Fig. 3.4 b Variation of inhibition efficiency on [H2SO4] for the corrosion of mild 
steel in presence of thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT). 
Reaction conditions [inhibitor] =100ppm, Temp= 30 °C, Immersion 
time =2 hours. 
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Fig. 3.5 a Langmuir's adsorption isotherm plots for the adsorption of thiadiazoles 
(1. AT; 2. AMT; 3. AET; 4. APT) on mild steel. 
Reaction conditions [HCl] =1.0 mol dm'^ , Temp= 30 °C, Immersion 
time =2 hours. 
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Fig. 3.5 b Langmuir's adsorption isotherm plots for the adsorption of thiadiazoles 
(1. AT; 2. AMT; 3. AET; 4. APT) on mild steel. 
Reaction conditions [H2SO4] =0.5 mol dm''', Temp= 30 °C, Immersion 
time =2 hours. 
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Fig. 3.6 a Adsorption isotherm plot for log (0/1-0) versus 1/T for the adsorption 
of thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT) on mild steel. 
Reaction conditions [HCl] =1.0 mol dm"^ , Immersion time =2 hours, 
[inhibitor] =100ppm. 
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Fig. 3.6 b Adsorption isotherm plot for log (0/1-0) versus 1/T for the adsorption 
of thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT) on mild steel. 
Reaction conditions [H2SO4] =0.5 mol dm"^ , Immersion time =2 hours, 
[inhibitor] =100ppm. 
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Fig. 3.7 a Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT; 5. Blank) on mild steel. 
Reaction conditions [HCl] =1.0 mol dm'^ . Immersion time =2hours, 
[inhibitor]= 1 OOppm. 
Fig. 3.7 b Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
thiadiazoles (l.AT; 2. AMT; 3. AET; 4. APT; 5. Blank) on mild steel. 
Reaction conditions [H2SO4] =0.5 mol dm•^ Immersion time =2 
hours, [inhibitor] =1 OOppm. 
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Fig. 3.8 a Adsorption isotherm plot for log (CR/T) verstds 1/T for the adsorption 
of thiadiazoles (l.AT; 2.AMT; 3.AET; 4.APT; 5. Blank) on mild steel 
Reaction conditions [HCl] =1.0 mol dm'^ , Immersion time =2 hours, 
[inhibitor] =100ppm. 
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Fig. 3.8 b Adsorption isotherm plot for log (CR/T) versus 1/T for the adsorption 
of thiadiazoles (l.AT; 2.AMT; 3AET; 4. APT; 5. Blank) on mild steel 
Reaction conditions [H2SO4] =0.5 mol dm'^ , Immersion time =2 
hours, [inhibitor] =100ppm. 
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Fig. 3.9 a Plot of log (weight loss) versus immersion time in presence of 
thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT; 5. Blank) for the 
corrosion of mild steel. 
Reaction conditions [HCl] =1.0 mol dm'^ , [inhibitor] =100ppm, 
Temp=30°C. 
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Fig. 3.9 b Plot of log (weight loss) versus immersion time in presence of 
thiadiazoles (1. AT; 2. AMT; 3. AET; 4. APT; 5. Blank) for the 
corrosion of mild steel. 
Reaction conditions [H2SO4] =0.5 mol dm", [inhibitor] =100ppm, 
Temp= 30 °C. 
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Fig.3.10 a Potentiodynamic polarization curves for mild steel in presence of 
thiadiazoles 1) Blank (2) AT (3) AMT (4) AET (5) APT. 
Reaction conditions [HCl] =1.0 mol dm"^ , [inhibitor] =100ppm, 
Temp=30T. 
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Fig. 3.10 b Potentiodynamic polarization curves for mild steel in presence 
of thiadiazoles 1) Blank (2) AT (3) AMT (4) AET (5) APT. 
Reaction conditions [H2SO4] =0.5 mol dm'^ [inhibitor] 
=100ppm, Temp= 30 °C. 
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.-3 Fig. 3.11 Nyquist plot of mild steel in 0.5 mol dm H2SO4 in the absence and 
presence of 10, 50 and 100 ppm of APT at 30 °C (1) Blank (2) 10 ppm 
(3)50ppm(4)100ppm. 
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Fig. 3.12 Scanning electron micrographs for mild steel surface in absence and 
presence of APT (a) polished mild steel (b) mild steel in 0.5 mol dm'^  
H2S04and (c) mild steel in presence of APT. 
Studies on corrosion 
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Imidazolines 
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In this Chapter, the corrosion inhibiting behaviour of imidazoline 
derivatives namely, 2- Nonyl-1, 3- imidazoline (NI) 2-Undecyl-l, 3-
imidazoline (UDI), 2- Pentadecyl-1, 3-imidazoline (PDI), 2-Heptadecyl-l, 
3- imidazoline (HDI) has been studied and discussed. These compounds 
were synthesized in the laboratory and were characterized by FT-IR and 
NMR techniques. The inhibitive action of these compounds on aluminium in 
hydrochloric and sulphuric acid were studied by weight loss, 
potentiodynamic polarization and electrochemical impedance methods. 
RESULTS AND DISCUSSION 
4.1. WEIGHT LOSS STUDIES 
The corrosion rate of aluminium in 1.0 mol dm"^  HCl and 0.5 mol dm'^  
H2SO4 was studied by monitoring its weight loss as a function of variation in 
concentrations of inhibitor, immersion time, solution temperature and acid 
concentration. 
The effect of variation of imidazolines was studied in the concentration 
range of 25- TOOppm. The temperature was kept constant at 30 °C and the 
immersion time was 2 hours. These results are given in Table 4.1a and 4.1 b. 
It has been observed that the inhibition efficiency of these compounds 
increased with the increase in concentration of inhibitor and gave maxima at 
500-ppm inhibitor (Figures 4.1a- 4,1b). 
To study the influence of immersion time on inhibition efficiency, the 
corrosion rate was determined after dipping the strips for 2, 4, 6, 8 and 24 h 
in the solution containing inhibitor (NI, UDI, PDI, HDI) at SOOppm and acid 
(1.0 mol dm"^  HCl / 0.5 mol dm"^  H2SO4) at 30 °C. The dependence of 
inhibition efficiency of fatty acid imidazolines on immersion time is shown 
in Figures 4.2a - 4.2b. All the tested imidazolines show a decrease in 
inhibition efficiency with increase in immersion time firom 2 to 24 hours. 
This decrease may be attributed to the desorption of imidazolines from the 
aluminium surface. The other factors such as increase in cathodic reaction. 
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increase in aluminium ion concentration'^ ^ may also contribute in enhancing 
the corrosion rate. 
The effect of solution temperature on inhibition efficiency has been 
investigated by varying temperature from 30 to 60 °C in the presence of 1.0 
mol dm'^ HCl or 0.5 mol dm"^  H2SO4 and 500ppm of imidazolines (NI, UDI, 
PDI, HDI) after dipping for 2 hours. The variation of inhibition efficiency on 
solution temperature is depicted in Figures 4.3a - 4.3b. The inhibition 
efficiency of imidazoline decreased with an increase in temperature from 30 
°C to 60 °C. The decrease in inhibition efficiency with rise in temperature 
may be due to more desorption of inhibitor molecules at higher 
temperatures. 
The variation of inhibition efficiency on acid concentration has been 
performed by dipping the aluminium strips in 1.0, 2.0, 3.0 mol dm'^  [HCl] 
and 0.5, 1.0, 1.5 mol dm"^  [H2SO4] at 30 °C for 2 hours in presence of 
inhibitors (NI, UDI, PDI, HDI). The increase in acid concentration resulted 
in an increase in inhibition efficiency of these compounds and the results are 
shown in Figures 4.4a - 4.4b. This study suggests that the imidazoline 
compounds behave as an effective inhibitor in acid solution at this 
concentration range. 
The data obtained from the weight loss studies at different initial 
concentrations of inhibitors were used to evaluate surface coverage (9). The 
data were tested graphically by fitting to various isotherms, i.e., (Temkin, 
Freundlich and Langmuir). A straight line was obtained on plotting log (9 
/1-9) versus logarithm of concentration of inhibitor, C (Figures 4.5a and 
4.5b). This suggests that the adsorption of the imidazolines on aluminium 
surface follows Langmuir's adsorption isotherm. 
The data obtained for the study on weight loss at different 
temperatures were used to calculate the heat of adsorption, Q. Log (9/1-9) 
was plotted against 1/T as shown in (Figures 4.6a and 4.6b) for 
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imidazolines, and, the slope gave the values of Q which are given in Table 
4.2. The lower values of Q obtained suggest the physical nature of 
adsorption. 
The plot of log (corrosion rate) against 1/T (Figures 4.7a and 4.7b) 
was used to calculate the thermodynamic parameters. The slope of the plot 
gave the values of Ea. The values of Eg are given in Table 4.2. To obtain the 
values of AH and AS for the adsorption of imidazolines in presence of HCl 
and H2SO4 on the aluminium surface, logarithm of (CR /T) was plotted 
against 1/T (Figures 4.8a and 4.8b). The slope and intercept of plot gave the 
values of AH and AS, respectively, and the values are listed in Table 4.2. 
The lower change in enthalpies, AH in presence of imidazolines 
signify the net change of enthalpy at the rate-determining step for the 
corrosion reactions as well as for the adsorption of imidazolines at the 
aluminium surface. The large -ve values of AH in the presence of 
imidazolines indicate the strong and exothermic adsorption of these 
compounds on aluminium surface'**'. It is evident from the fact that the 
presence of imidazoline reduces the corrosion rate and increases the 
inhibition efficiency. A more negative value of entropy of activation, AS 
I Of 
was observed in the presence of imidazoline as compared to AS in absence 
of imidazoline. This indicates that the activated complex formed is an 
associative in nature and therefore, a decrease in disordemess takes place 
during the transformation from reactants to the activated complex'*^ due to 
adsorption of the imidazoline. 
The change in free energy of adsorption (AGads) was calculated'^ ^ 
using the equations given in the experimental. The AGads values are listed in 
Table 4.2. The lower values of AG^ ds indicate that imidazoline of fatty acid 
are physically adsorbed on the metal surface'* .^ It also indicates the 
spontaneous nature of adsorption of inhibitor on the surface of aluminium'*'*. 
In order to determine the dependency of the corrosion rate on 
immersion time, a number of experiments were performed in which weight 
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losses of aluminium were monitored as a function of different immersion 
time at 2, 4, 6, 8 & 24 h. The concentrations of acid (HCl, H2SO4) and 
inhibitor were kept constant at (1.0 mol dm'^  / 0.5 mol dm'^ ) and 500 ppm, 
respectively at 30 °C. A straight line was obtained for the plot of log (weight 
loss) versus immersion time as depicted in Figures 4.9a and 4.9b. The 
dissolution reaction of aluminium in HCl and H2SO4 obeyed first order 
kinetics. The value of rate constant was calculated using the first order rate 
equation . 
The half-life (ti/2) values were calculated using the following relationship: 
11/2 = 0.693 /k 
The values of the rate constant and half-life period (ti/2) obtained in 
the absence and presence of imidazoline are summarized in Table 4.3. The 
half-life (ti/2) values indicate the durability of inhibitor film on the 
aluminium surface under the studied conditions'^ ^. 
4.2 POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization studies wei-e carried out for 
aluminium in I.O mol dm"^  HCl / 0.5 mol dm'^  H2SO4 in the absence and 
presence of 500 ppm imidazoline at 30+1 °C. The results are shown in 
Figures 4.10a and 4.10b. 
Electrochemical parameters such as corrosion current density (Icoir), 
corrosion potential (Egorr) inhibition efficiency (IE) and tafel slope constants 
(ba & be) were calculated from Tafel plots and the values are given in Table 
4.4. 
The values of Icorr decreased significantly in the presence of 
imidazoline. Maximum decrease in Icorr was observed for UDI. All the 
imidazolines did not show any significant change in Ecorr and ba «fe be values 
suggesting that these compounds behaves as mixed type inhibitor i.e., they 
decreased the corrosion reaction by blocking both anodic and cathodic sites 
of the metal'*^ 
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4.3. ELECTROCHEMICAL IMPEDANCE STUDIES 
Table 4.5 include the results of impedance studies carried out at 
different concentrations of UDI in 1.0 mol dm'^  HCl at 30±1 °C. The results 
are shown in Figure 4.11 for Nyquist plots in the presence of 25, 100 and 
500 ppm of UDI. The Nyquist plots are not perfect semicircle and this 
difference has been attributed to frequency dispersion . The values of Rt 
and Cdi were calculated from Nyquist plots^ * .^ The percentage inhibition 
efficiency was calculated from the following equation^**. 
o/„ I.E. = ^^'° -^^^ X 100 
1/R.o 
The values of Rt, Cdi and inhibition efficiency are given in Table 4.5. 
Rt values increases with increase in inhibitor concentration (UDI) and, in 
turn, it leads to an increase in inhibition efficiency. The addition of UDI to 
1.0 mol dm'^  HCl lowers the Cdi values, which shows that the inhibition in 
1RO 
corrosion may be due to surface adsorption of the inhibitor 
4.4. SCANNING ELECTRON MICROSCOPIC STUDIES 
Scanning electron microscopy was performed for the aluminium 
surface after dipping it in solution containing: HCl; and HCl and UDI 
(Figure 4.12). The surface of aluminium immersed in inhibited solution was 
found to be smoother than that in blank 1.0 mol dm'^  HCl. This observation 
suggests that the inhibitor is adsorbed to the metal surface, forms a 
protective layer and prevent the attack of acid on metal surface*'". 
4.5. MECHANISM OF CORROSION INHIBITION 
In acidic solutions imidazoline compounds exist in protonated form. 
These protonated species are adsorbed on the cathodic sites through the TI-
electrons of the imidazoline ring*''. The observed order of inhibition 
efficiency (UDI> NI > PDI > HDI) is due to the nature of binding of the 
imidazoline ring to the metal surface and the length of the alkyl chain*'^ . 
99 
The binding of the imidazole ring to the metal surface may be presented by 
the following representative diagram. 
Aluminium Surface 
The increase in chain lenjgth of the alkyl group increases the 
molecular weight of imidazoline and thereby decreases, the number of 
molecules containing imidazoline ring in the fixed weight (500ppm) of 
inhibitor and therefore, inhibition efficiency is decreased. The higher 
inhibition efficiency of NI and UDI may be due to its being least 
hydrophobic among the tested imidazolines and therefore having more 
tendency to adsorb. 
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Table 4.1a Dependence of corrosion rate and inhibition efficiency on 
varying concentration of imidazolines. 
Inhibitor 
Used 
UDI 
NI 
PDI 
HDI 
Concentration 
(ppm) 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
Weight loss 
(mg) 
387.40 
103.20 
83.00 
51.00 
32.50 
1.58 
7.67 
387.40 
111.50 
92.20 
60.70 
38.50 
7.36 
10.22 
387.40 
119.50 
108.20 
63.40 
48.30 
14.60 
17.05 
387.40 
133.90 
112.20 
75.30 
58.90 
27.00 
28.78 
IE 
(%) 
-
73.34 
78.57 
86.82 
91.60 
99.59 
98.02 
-
71.20 
76.19 
84.33 
90.04 
98.10 
97.36 
-
69.13 
72.07 
83.64 
87.51 
96.23 
95.60 
-
65.42 
71.04 
80.57 
84.79 
93.01 
92.57 
CR 
(mmpy) 
628.40 
167.41 
134.64 
82.73 
52.72 
2.43 
12.32 
628.40 
180.87 
149.56 
98.46 
62.45 
11.93 
16.57 
628.40 
193.85 
175.52 
102.84 
78.35 
34.39 
23.68 
628.40 
217.21 
182.01 
122.15 
95.54 
43.79 
46.68 
-3 [HCl] = 1.0 mol dm , Temp = 30 C, Immersion time = 2 hours 
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Table 4.1b Dependence of corrosion rate and inhibition efficiency on 
varying concentration of imidazolines. 
Inhibitor 
used 
UDI 
NI 
PDI 
HDI 
Concentration 
(ppm) 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
Weight loss 
(mg) 
335.90 
99.45 
93.11 
73.46 
48.83 
25.05 
28.15 
335.90 
106.11 
99.89 
88.84 
61.33 
35.63 
38.83 
335.90 
114.40 
102.38 
98.48 
80.04 
49.95 
56.56 
335.90 
126.43 
112.79 
102.34 
91.66 
57.64 
62.64 
IE 
(%) 
-
70.39 
72.38 
76.17 
85.46 
92.54 
91.62 
-
68.41 
70.26 
73.55 
81.74 
89.39 
88.44 
-
65.94 
69.52 
70.68 
76.17 
84.35 
83.16 
-
62.36 
66.42 
69.53 
72.71 
82.84 
81.35 
CR 
(mmpy) 
544.90 
161.33 
155.04 
119.17 
79.21 
40.64 
45.66 
544.90 
172.13 
162.04 
144.12 
99.49 
57.79 
62.99 
544.90 
185.58 
166.08 
159.76 
129.84 
81.02 
91.53 
544.90 
205.09 
182.97 
166.97 
148.69 
93.50 
101.62 
[H2SO4] = 0.5 mol dm', Temp = 30 C, Immersion time = 2 hours 
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Table 4.2. Thermodynamic activation parameters for corrosion of aluminium 
in the absence and presence of imidazolines. 
System 
HCl 
UDI 
NI 
PDI 
HDI 
H2SO4 
UDI 
NI 
PDI 
HDI 
E, 
(kJ mor*) 
9.57 
67.02 
60.03 
57.44 
47.86 
12.76 
25.53 
31.89 
35.10 
25.53 
-AH 
(kJ moF^) 
22.34 
76.58 
60.63 
31.90 
25.53 
9.57 
31.91 
28.72 
22.53 
19.15 
-AS 
(J mol'K-^) 
189.94 
210.70 
207.17 
205.26 
199.51 
194.7 
207.17 
204.94 
198.56 
201.43 
-AGads 
(kJ mor^) 
-
35.18 
33.12 
32.59 
31.52 
-
32.32 
31.20 
30.89 
30.48 
-Q 
(kJ mol') 
-
38.29 
35.10 
31.90 
28.72 
-
26.17 
25.53 
24.25 
22.97 
[Imidazolines] = 500 ppm; [HCl] = 1.0 mol dm'V [H2SO4] = 0.5mol dm"^ ; 
Time = 2 hours 
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Table 4.3. Half-life values (in hours, h) for the corrosion of aluminium in the 
presence of imidazolines. 
System 
HCl 
HCl + UDI 
HCl + NI 
HCl + PDI 
HCl + HDI 
H2SO4 
H2SO4+UDI 
H2SO4 + NI 
H2SO4+PDI 
H2SO4+HDI 
10-'k(h-^) 
226.47 ± 0.227 
6.41± 0.089 
7.89 ±0.104 
16.59 ± 0.021 
27.02± 0.038 
147.131 0.184 
11.56 ±0.013 
16.59 ±0.019 
20.60 ± 0.024 
23.70 ± 0.282 
ti/2(h) 
3.06 
108.11 
87.84 
41.75 
25.64 
4.71 
59.95 
41.77 
33.64 
29.24 
[Imidazolines] = 500 ppm; [HCl] = 1.0 mol dm"^ / [H2SO4] = 0.5mol dm"^ 
Temp = 30 °C 
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Table 4.4. Electrochemical polarization parameters for the corrosion of 
aluminium in HCl and H2SO4 containing imidazolines. 
System 
HCI 
HC1+ UDI 
HCl+NI 
HCl + PDI 
HCl + HDI 
H2SO4 
H2SO4+UDI 
H2SO4 + NI 
H2SO4+PDI 
H2SO4+HDI 
licorr 
(mV) 
-902.00 
-898.00 
-893.00 
-890.00 
-888.00 
-890.00 
-884.00 
-879.00 
-880.00 
-875.00 
*corr 
(mA cm'^) 
4.490 
0.089 
0.106 
0.184 
0.303 
4.160 
0.320 
0.479 
0.681 
0.826 
IE 
(%) 
-
98.02 
97.63 
93.91 
93.25 
-
92.30 
88.47 
83.63 
80.15 
b . 
(mVdec^) 
68 
60 
54 
56 
50 
56 
50 
40 
54 
54 
be 
(mVdec-^ ) 
174 
170 
126 
114 
100 
120 
84 
110 
94 
134 
[Imidazolines] = 500 ppm; [HCl] = 1.0 mol dm"V [H2SO4] = 0.5mol dm"^ 
Temp = 30 °C 
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Table 4.5. Dependence of electrochemical impedance parameters on [UDI] 
for aluminium in HCl. 
System 
0 
25 
100 
500 
Rt 
(kilo ohm cm )^ 
16.23 
18.36 
93.65 
247.03 
Q i 
(fiF cm'^) 
4.51 
3.52 
0.74 
0.29 
IE 
(%) 
-
70.19 
82.67 
93.43 
-3. [HCl] = 1.0 mol dm-"; Temp = 30 °C 
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Fig. 4.1a Variation of inhibition efficiency on [imidazoline] (l.UDI; 2. 
NX; 3. PDI; 4. HDI) for the corrosion of aluminum in HCl. 
Reaction conditions [HCl] =1.0 mol dm'^ . Temp =30 "C, Immersion 
time =2 hours. 
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Fig. 4.1 b Variation of inhibition efficiency on [imidazoline] (1. UDI; 2. NI; 3. 
PDI; 4. HDI) for the corrosion of aluminum in H2SO4. 
Reaction conditions [H2SO4] =0.5 mol dm'', Temp =30 °C, hnmersion 
time =2 hours. 
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Fig. 4.2a Variation of inhibition efficiency on immersion time for the corrosion 
of aluminium in presence of HCl and imidazolines (1. UDI; 2. NI; 3. 
PDI; 4. HDI). 
Reaction conditions [HCl] =1.0 mol dm"^  Temp= 30 °C, [inhibitor] 
=500 ppm. 
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Fig. 4.2 b Variation of inhibition efficiency on immersion time for the corrosion 
of aluminium in presence of H2SO4 and imidazolines (1. UDI; 2. NI; 3. 
PDI; 4. HDI). 
Reaction conditions [H2SO4] =0.5 mol dm'^ , Temp= 30 °C, [inhibitor] 
=500 ppm. 
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Fig. 4.3 a Variation of inhibition efficiency on temperature for the corrosion of 
aluminium in presence of HCl and imidazolines (1. UDI; 2. NI; 3. PDI; 
4. HDI). 
Reaction conditions [HCl] =1.0 mol dm"^ , Immersion time =2 hours, 
[inhibitor] =500ppm. 
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Fig. 4.3 b Variation of inhibition efficiency on temperature for the corrosion of 
aluminium in presence of H2SO4 and imidazolines (1. UDI; 2. NI; 3. 
PDI; 4. HDI). 
Reaction conditions [H2SO4] =0.5 mol dm'^ , Immersion time =2 hours, 
[inhibitor] =500 ppm. 
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Fig. 4.4 a Variation of inhibition efficiency on [HCI] for the corrosion of 
aluminiiun in presence of imidazolines (1. UDI; 2. NI; 3. PDI; 4. HDl). 
Reaction conditions [inhibitor] =500ppm, Temp= 30 "C, Immersion 
time =2 hours. 
Q5 1 1.5 
H2S04(moldm-3) 
Fig. 4.4 b Variation of inhibition efficiency on [H2SO4] for the corrosion of 
aluminium in presence of imidazolines (1. UDI; 2. NI; 3. PDI; 4. HDI). 
Reaction conditions [inhibitor] =500ppm, Temp= 30 °C, Immersion 
time =2 hours. 
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Fig. 4.5 a Langmuir's adsorption isotherm plot for the adsorption of 
imidazolines (l.UDI; 2. NI; 3. PDI; 4. HDI) on aluminium. 
Reaction conditions [HCl] =1.0 mol dm"^ , Teirq>= 30 **C, Immersion 
time =2 hours. 
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Fig. 4.5 b Langmuir's adsorption isotherm plot for the adsorption of imidazolines 
(l.UDI; 2. NI; 3. PDI; 4. HDI) on aluminium. 
Reaction conditions [H2SO4] =0.5 mol dm'^, Temp= 30 °C, Immersion 
time =2 hours. 
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Fig. 4.6 a Adsorption isotherm plot for log (9/1-9) versus 1/T for the adsorption 
of imidazolines (1. HDI; 2. PDI; 3. NI; 4. UDI) on altmiiniimL 
Reaction conditions [HCl] =1.0 mo 1 dm"^ , Immersion time =2 hours, 
[inhibitor]=500ppm. 
Fig. 4.6 b Adsorption isotherm plot for log (0 /I- 9) versus 1/T for the adsorption 
of imidazolines (1. UDI; 2. NI; 3. PDI; 4. HDI) on aluminium. 
Reaction conditions [H2SO4] =0.5 mol dm"^  Immersion time =2 hours, 
[inhibitor] =500ppm. 
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Fig. 4.7 a Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
unidazohnes (1. UDI; 2. NI; 3. PDI; 4. HDI;5. Blank) on aluminium. 
Reaction conditions [HCl] =1.0 mol dm'^ . Immersion time =2 hours, 
[inhibitor] =500 ppm. 
Fig. 4.7 b Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
imidazoUnes (1. UDI; 2. NI; 3. PDI; 4. HDI;5. Blank) on aluminium. 
Reaction conditions [H2SO4] =0.5 mol dm"^ . Immersion time =2 hours, 
[inhibitor]=500ppm. 
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Fig. 4.8 a Adsorption isotherm plot for log (CR/T) versus 1/T for the adsorption 
of imidazolines (l.UDI; 2. NI; 3. PDI; 4. HDI;5. Blank) on aluminium 
Reaction conditions [HCl] =1.0 mol dm'^ . Immersion time =2 hours, 
[inhibitor] =500ppm-
o 
1 3.^-1 
7 ( 1 0 K ) 
Fig. 4.8 b Adsorption isotherm plot for log (CR/T) versus 1/T for the adsorption 
of imidazoUnes (l.UDI; 2. NI; 3. PDI; 4. HDI;5. Blank) on aluminium. 
Reaction conditions [H2SO4] =0.5 mol dm"\ Immersion time =2 hours, 
[inhibitor] =500ppm. 
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Fig. 4.9 a Plot of log (weight loss) versus immersion time in presence of 
imidazolines (1. UDI; 2. M; 3. PDI; 4. HDI;5. Blank) for the 
corrosion of aluminium. 
Reaction conditions [HCl] =1.0 mol dm"^  [inhibitor] =500ppm, 
Temp=30°C. 
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Fig. 4.9 b Plot of log (weight loss) versus immersion time in presence of 
unidazolines (1. HDl; 2. PDI; 3. NI; 4. UDI;5. Blank) for the corrosion 
of aluminium. 
Reaction conditions [H2SO4] H).5 mol dm'\ [mhibitor] = SOOppm, 
Temp= 30 °C. 
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Fig. 4.10 a Potentiodynamic polarization curves for aluminium in presence of 
imidazolines 1) Blank (2) HDI (3) PDI (4) NI (5) UDI. 
Reaction conditions [HCl] =1.0 mol dm'^ , [inhibitor] =500ppm, 
Temp=30°C. 
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Fig. 4.10 b Potentiodynamic polarization curves for aluminium in presence of 
imidazolines 1) Blank (2) HDI (3) PDI (4) NI (5) UDI. 
Reaction conditions [H2SO4] =0.5 mol dm'^ , [inhibitor] =500ppm, 
Temp=30°C. 
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Fig. 4.11 Nyquist plot of aluminium in 1.0 mol dm"^  HCl in the absence and 
presence of 25,100 and 500 ppm of UDI at 30 °C (1) Blank (2) 25 ppm 
(3)100ppm(4)500ppm. 
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(c) 
Fig. 4.12 Scanning electron micrographs for aluminium surface in absence and 
presence of UDI (a) polished aluminium (b) aluminium in 1.0 mol 
dm'^ HCl and (c) aluminium in presence of UDI. 
Studies on corrosion 
infUSition Sefiaviour of 
TriazoCes 
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This chapter describes the synthesis and characterization of aliphatic 
triazoles namely, 5-Nonyl-4-phenyl-3-mercapto -1,2, 4-triazole (NPMT), 5-
Undecyl-4-phenyl-3- mercapto-l, 2, 4-triazole (UPMT), 5-Pentadecyl-4-
phenyl-3-mercapto-l, 2, 4-triazole (PPMT), 5-Heptadecyl-4-phenyl-3-
mercapto-1, 2, 4-triazole (HPMT). The inhibitive behaviour of these 
compounds on mild steel in 20% HCOOH and 20% CH3COOH were 
investigated by using weight loss, potentiodynamic polarization and 
electrochemical impedance method. Scanning electron spectroscopy has also 
been performed for surface characterization of the triazole inhibited mild 
steel coupons. The observed results are presented and discussed herewith. 
RESULTS AND DISCUSSION 
5.1. WEIGHT LOSS STUDIES 
The corrosion behaviour of mild steel in organic acids (20% HCOOH 
and 20% CH3COOH) was studied by monitoring the weight loss method. The 
steel coupon of size (2 cm x 2.5 cm x 0.05 cm) was dipped in formic and 
acetic acid solution for a fixed interval of time (24 h) in the absence and 
presence of different concentrations of aliphatic triazoles (25-700ppm). The 
temperature was kept constant at 30 °C. The corrosion rate and the inhibition 
efficiency were calculated from the weight loss of mild steel and are 
reported in Tables 5.1a and 5.1b. 
It has been found that triazoles decreased the rate of corrosion of mild 
steel in 20% HCOOH and 20% CH3COOH, at all concentrations ranging 
from 25 ppm to 500 ppm. It has also been observed that the inhibition 
efficiency of these compounds increased with the increase in concentration 
upto 500 ppm and, thereafter, the inhibition efficiencies decreased with 
increase in [inhibitor]. Thus, the inhibitor displayed maximum inhibition 
efficiency at 500 ppm concentration for triazoles as presented in Figures 5.1 
a - 5.1 b. Different experiments were performed at temperatures in the range 
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from 30 °C to 60 °C at fixed concentration of acid (20%) and inhibitor (500 
ppm). The immersion period was 24h. The corrosion rate was calculated at 
temperatures 30°C, 40°C, 50°C and 60°C and the values are given in Table 
5.2. In order to determine the dependency of the corrosion rate on immersion 
time, a number of experiments were performed in which weight losses were 
monitored as a function of immersion time at fixed concentrations of 
HCOOH (20%), CH3COOH (20%) and inhibitor (500ppm) at 30 °C. Triazole 
showed a significant decrease in inhibition efficiency with the increase in 
immersion time from 24h to 120h as shown in Figures 5.2a-5.2b. 
The variation of inhibition efficiency on solution temperature is 
shown in Figures 5.3a -5.3b. The inhibition efficiency of fatty acid triazoles 
(NPMT, UPMT, PPMT and HPMT) increase with increase in temperature 
from 30 °C to 60 °C, indicating that the inhibitive film formed on the metal 
surface is protective in nature up to 60 °C. 
The concentration of formic and acetic acids was varied from 10% to 
30% at 500 ppm [mhibitor], at temperature 30 °C and immersion time 2 
hours. The results are presented in Figures 5.4a-5.4b. The change in acid 
concentration does not cause any significant change in inhibition efficiency 
upto 20% in HCOOH, but a decrease in inhibition efficiency is observed on 
further mcreasing the HCOOH concentration. The decrease in the inhibition 
efficiency with the increase in CH3COOH concentration shows the increased 
aggressiveness of the acid'''*. 
The studies on weight loss of mild steel at different concentrations of 
inhibitors in acetic and formic acids were used to evaluate the surface 
coverage (6) of mild steel by fatty acid triazoles. The data were tested 
graphically by fitting to various isotherms. Sfraight line plots were obtained 
for log (9 /1-0) versus log C (Figures 5.5a - 5.5b) suggesting that the 
adsorption of the triazoles on mild steel surface follows Langmuir's 
Adsorption isotherm. From the slope of the plots of log (9/1-8) versus 1/T 
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from 30 °C to 60 °C at fixed concentration of acid (20%) and inhibitor (500 
ppm). The immersion period was 24h. The corrosion rate was calculated at 
temperatures 30°C, 40°C, 50°C and 60°C and the values are given in Table 
5.2. In order to determine the dependency of the corrosion rate on immersion 
time, a number of experiments were performed in which weight losses were 
monitored as a function of inmiersion time at fixed concentrations of 
HCOOH (20%), CH3COOH (20%) and inhibitor (500ppm) at 30 °C. Triazole 
showed a significant decrease in inhibition efficiency with the increase in 
immersion time from 24h to 120h as shown in Figures 5.2a-5.2b. 
The variation of inhibition efficiency on solution temperature is 
shown in Figures 5.3a -5.3b. The inhibition efficiency of fatty acid friazoles 
(NPMT, UPMT, PPMT and HPMT) increase with increase in temperature 
from 30 °C to 60 °C, indicating that the inhibitive film formed on the metal 
surface is protective in nature up to 60 ''C. 
The concentration of formic and acetic acids was varied from 10% to 
30% at 500 ppm [inhibitor], at temperature 30 °C and immersion time 2 
hours. The results are presented in Figures 5.4a-5.4b. The change in acid 
concentration does not cause any significant change in inhibition efficiency 
upto 20% in HCOOH, but a decrease in inhibition efficiency is observed on 
fiirther increasing the HCOOH concentration. The decrease in the inhibition 
efficiency with the increase in CH3COOH concentration shows the increased 
aggressiveness of the acid'^ '*. 
The studies on weight loss of mild steel at different concentrations of 
inhibitors in acetic and formic acids were used to evaluate the surface 
coverage (9) of mild steel by fatty acid triazoles. The data were tested 
graphically by fitting to various isotherms. Straight line plots were obtained 
for log (0 /1-9) versus log C (Figures 5.5a - 5.5b) suggesting that the 
adsorption of the triazoles on mild steel surface follows Langmuir's 
Adsorption isotherm. From the slope of the plots of log (0/1-9) versus 1/T 
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(Figures 5.6a -5.6b), the values for the heat of adsorption (Q) were obtained. 
These values are presented in Table 5.3. The lower values of Q obtained 
suggest the physical nature of adsorption of triazoles on mild steel. 
Log (corrosion rate) versus 1/T was plotted (Figures 5.7a - 5.7b) to 
obtain the values of Eg. The slope of the plot gave the values of Ea and these 
values are given in Table 5.3. The lower values of activation energy, Ea for 
the triazoles in the presence of acid indicates that its higher efficiency at 
elevated temperature ''^. 
To obtain the values of AH and AS for the adsorption of triazoles in 
presence of acid (20% HCOOH / 20% CH3COOH) on the mild steel surface, 
logarithm of (CR /T) was plotted against 1/T as given in experimental. The 
slope and intercept of plots (Figures 5.8.a - 5.8.b) gave the values of AH and 
AS respectively. These values are listed in Table 5.3. The values of enthalpy 
change, AH obtained in presence of triazoles are the resultant values of two 
processes occurring simultaneously namely; corrosion reactions leading to 
dissolution of metal and the adsorption of triazoles at the mild steel surface. 
The variation'*** in the values of AH in the presence of triazoles may be due 
to energy released during the adsorption of triazoles on mild steel surface. 
Thus, it results into the decrease in enthalpy values and favours stronger 
adsorption and therefore reduces the corrosion rate and increases the 
inhibition efficiency. The values of entropy of activation, AS is more 
negative in presence of triazoles than the values in absence of triazole'*' 
(presented in Table 5.3). TTiis indicates that the activated complex formed 
during the adsorption of inhibitors is an associative in nature rather than 
dissociative step. Therefore, a decrease in disordemess takes place during 
the transformation from reactants to the activated complex . 
The free energy change of adsorption (AGads) was calculated using 
the following equations and the values are listed in Table 5.3. 
AGads = -RT In (55.5K) 
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where, K = G/C (1-0) 
The lower values of AGads indicate that triazoles of fatty acid are 
physically adsorbed on the metal surface^ * .^ It also indicates the spontaneous 
adsorption of inhibitor on the surface of mild steel '^ '*. 
A straight line was obtamed for the plot of log (weight loss) versus 
immersion time as depicted in Figures 5.9a- 5.9b, showing that the reaction 
obeyed first order kinetics. The rate constant was calculated using the first 
order rate law. 
k=2303,„gA. 
t A 
where Ao is the initial mass of the metal and A is the mass corresponding to 
time t. The half-life (ti/2) values were calculated using the equation: 
11/2 = 0.693 /k 
The values of the rate constant and half-life period (X\n) obtained in 
the absence and presence of triazoles are summarized in Table 5.4. The half-
life (ti/2) values give the information regarding the durability of inhibitor 
film on the mild steel surface under the given condition. 
5.2. POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization curves of mild steel were 
obtained in 20% HCOOH / 20% CH3COOH in presence of inhibitor (NPMT, 
UPMT, PPMT, HPMT) at 500 ppm concentration at 30±1 °C. The curves are 
shown in Figures 5.10a -5.10b. 
Electrochemical parameters such as corrosion current density (Icon-), 
corrosion potential (Ecorr), inhibition efficiency (IE) and tafel slope constants 
(ba & be) were calculated fi"om tafel plots and these values are given in Table 
5.5. 
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The values of Icorr decreased significantly in the presence of 
inhibitor. Maximum decrease in Icon- was observed for UPMT (among 
triazoles). The addition of triazole does not show any significant change 
in Ecorr as well as bg & be values suggesting that these compounds are 
mixed type inhibitors i.e., they retard the corrosion reaction by blocking 
both anodic and cathodic sites of the metal . 
5.3. ELECTROCHEMICAL IMPEDANCE STUDIES 
Electrochemical Impedance studies were performed for mild steel 
in presence of 25, 100 and 500 ppm of UPMT in 20% HCOOH at 30 °C. 
The results are listed in Table 5.6. Figure 5.11 shows Nyquist plots in 
the presence of different concentrations of UPMT. The Nyquist plots 
obtained are not in the form of semicircle and this difference has been 
attributed to frequency dispersion . The values of Rt and Cdi were 
calculated from Nyquist plots'*''. The percentage inhibition efficiency 
1 fill 
was calculated from the following equation : 
% I.E. = ^^'o "^^'^ X 100 
1/R.. 
-|o 
where Rto and Rti are charge transfer resistance without and with inhibitor, 
respectively. The values of Rt, Cdi and inhibition efficiency are given in 
Tables 5.6. Rt values increases with increase in inhibitor concentration 
(UPMT), which in turn, leads to an increase in inhibition efficiency. The 
addition of UPMT to 20% formic acid lowers the Cji values, showing 
that the inhibition in corrosion may be due to surface adsorption of the 
1 fiO 
inhibitor . 
5.4. SCANNING ELECTRON MICROSCOPIC STUDIES 
Scanning electron microscopy was performed on the mild steel 
surface after dipping it in 20% HCOOH solution containing UPMT, for 24 
hours at 30 °C. Figure 5.12 for triazole suggest that the inhibitor form 
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protective layer over the metal surface and prevent attack of acid on metal 
surface'^. 
5.5. MECHANISM OF CORROSION INHIBITION 
Corrosion inhibition of mild steel in the acidic solutions by the fatty 
acid triazole can be explained on the basis of molecular adsorption. The fatty 
acid triazole compounds are adsorbed on the metal surface through n-
electrons of aromatic ring and/ or through the lone pair of electrons of N 
atoms. The long chain of hydrocarbon are also adsorbed to the surface due to 
being hydrophobic in nature and thus, keeps the acid solution away from 
metal surface. The inhibition efficiency has been found to be in the 
following order: 
UPMT > NPMT > PPMT> HPMT 
(Cn) (C9) (Cs) (Cn) 
The inhibition efficiency of the triazoles decreases with the increase 
in chain length. The inhibition efficiency is highest of Cn. The increase in 
chain length increases the inhibition efficiency (Cn > C9) because of the 
hydrophobicity is increased. But, on further increase in chain length causes 
decrease in inhibition efficiency due to coiling of hydrocarbon chain, which 
shortens its effective chain length, and therefore, the surface coverage. 
The mechanism involved in the adsorption of formate ion on mild 
steel^'^ can be presented by the following reactions: 
Fe + HCOO • • [Fe (HCOO)]ads + e" 
[Fe (HCOO)] ads • [Fe (HCOO)]^ + e" 
[Fe (HCOO)]^ + H^ ^ = ^ Fe ^ ^ + HCOOH 
The evolution of hydrogen occurs due to the following cathodic 
reaction: 
Fe + HCOOH + e" • Fe Hads + HCOO • 
Fe Hads + Fe Hads • H2+ Fe 
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Table 5.1a Dependence of corrosion rate and inhibition efficiency on 
varying concentration of triazoles. 
Inhibitor 
Used 
UPMT 
NPMT 
PPMT 
HPMT 
Concentration 
(ppm) 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
Weight loss 
(mg) 
308.21 
23.53 
14.94 
9.76 
6.01 
3.26 
9.03 
308.21 
30.10 
18.98 
13.67 
9.18 
5.57 
10.93 
308.21 
33.15 
25.78 
17.93 
10.10 
8.87 
12.85 
308.21 
43.96 
35.24 
23.60 
16.48 
9.76 
13.89 
IE 
(%) 
-
92.36 
95.18 
96.83 
98.05 
98.94 
97.07 
-
90.23 
93.84 
95.56 
97.02 
98.19 
96.45 
-
89.24 
91.63 
94.18 
96.72 
97.15 
95.83 
-
85.73 
88.56 
92.34 
94.65 
96.83 
95.49 
CR 
(mmpy) 
14.31 
1.09 
0.69 
0.45 
0.28 
0.15 
0.42 
14.31 
1.39 
0.88 
0.65 
0.43 
0.26 
0.51 
14.31 
1.54 
1.19 
0.83 
0.47 
0.41 
0.60 
14.31 
2.04 
1.64 
1.09 
0.76 
0.45 
0.64 
[HCOOH] =20%, Temp = 30 T , Immersion time = 24 hours 
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Table 5.1 b Dependence of corrosion rate and inhibition efficiency on 
varying concentration of triazoles. 
Inhibitor 
Used 
UPMT 
NPMT 
PPMT 
HPMT 
Concentration 
(ppm) 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
Weight loss 
(mg) 
150.36 
11.51 
9.37 
8.72 
7.12 
5.75 
8.07 
150.36 
14.42 
12.29 
10.13 
9.30 
8.16 
10.84 
150.36 
19.14 
15.73 
12.83 
10.53 
8.97 
10.69 
150.36 
22.05 
19.79 
17.40 
13.88 
12.74 
15.58 
IE 
(%) 
-
92.34 
93.76 
94.20 
95.26 
96.17 
94.63 
-
90.40 
91.82 
93.26 
93.81 
94.57 
92.79 
-
87.26 
89.53 
91.46 
92.95 
94.03 
92.88 
-
85.19 
86.83 
88.42 
90.76 
91.50 
89.63 
CR 
(mmpy) 
6.97 
0.53 
0.44 
0.41 
0.33 
0.27 
0.37 
6.97 
0.67 
0.57 
0.47 
0.43 
0.38 
0.50 
6.97 
0.89 
0.73 
0.59 
0.49 
0.42 
0.49 
6.97 
1.03 
0.92 
0.81 
0.65 
0.59 
0.72 
[CH3COOH] =20%, Temp = 30 °C, Immersion time = 24 hours 
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Table 5.2. Dependence of Corrosion rate of mild steel on temperatures in 
presence of triazoles. 
System 
HCOOH 
UPMT 
NPMT 
PPMT 
HPMT 
CH3COOH 
UPMT 
NPMT 
PPMT 
HPMT 
(30 "C) 
14.36 
0.15 
0.25 
0.41 
0.45 
6.97 
0.26 
0.37 
0.41 
0.59 
C. R (mmpy) 
(40 -C) (50 "C) 
15.35 
0.14 
0.21 
0.37 
0.42 
8.14 
0.25 
0.33 
0.39 
0.51 
18.15 
0.10 
0.20 
0.35 
0.39 
10.26 
0.22 
0.30 
0.37 
0.46 
(60 "C) 
20.19 
0.03 
0.19 
0.29 
0.35 
13.4 
0.14 
0.25 
0.34 
0.40 
[Triazoles] = 500 ppm, [HCOOH] / [CH3COOH] =20%, Inmiersion time 
24 hours 
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Table 5.3. Thermodynamic activation parameters for corrosion of mild steel 
in the absence and presence of triazoles. 
System 
HCOOH 
UPMT 
NPMT 
PPMT 
HPMT 
CH3COOH 
UPMT 
NPMT 
PPMT 
HPMT 
E. 
(kJ mor*) 
51.24 
25.86 
37.43 
48.12 
49.64 
26.45 
20.27 
18.16 
16.30 
15.43 
-AH 
(kJ mor*) 
25.53 
31.93 
12.76 
9.57 
7.66 
28.72 
12.76 
9.57 
5.11 
4.79 
-AS 
(J mor^ K-*) 
226.31 
270.36 
260.69 
255.99 
253.12 
222.49 
260.78 
255.04 
250.25 
245.46 
-AG,ds 
(kJ mor^ ) 
-
39.96 
39.09 
38.23 
37.97 
-
37.80 
36.07 
36.25 
35.18 
-Q 
(kJ moF*) 
-
39.57 
25.53 
15.96 
6.38 
-
21.06 
17.03 
14.68 
5.74 
[Triazoles] = 500 ppm; [HCOOH] / [CH3COOH] =20%; Time = 24 hours 
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Table 5.4. Half-life values (in hours, h) for the corrosion of mild steel in the 
presence of triazoles. 
System 
HCOOH 
HCOOH + UPMT 
HCOOH+ NPMT 
HCOOH + PPMT 
HCOOH+ HPMT 
CH3COOH 
CH3COOH + UPMT 
CH3COOH + NPMT 
CH3COOH + PPMT 
CH3COOH + HPMT 
10-*k(h-^) 
12.87+0.0608 
1.24±0.0002 
1.64±0.0001 
2.22±0.0002 
2.90±0.0004 
7.55+0.0089 
1.67±0.0002 
2.24±0.0005 
3.05±0.0003 
5.91+0.0009 
t,/2(h) 
538.46 
5588.71 
4233.35 
3116.01 
2387.18 
917.88 
4162.16 
3093.75 
2272.43 
1172.58 
[Triazoles] = 500 ppm; [HCOOH] / [CH3COOH] =20%; Temp = 30 °C 
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Table 5.5. Electrochemical polarization parameters for the corrosion of mild 
steel in HCOOH and CH3COOH containing triazoles. 
System 
HCOOH 
HCOOH+ 
UPMT 
HCOOH + 
NPMT 
HCOOH + 
PPMT 
HCOOH + 
HPMT 
CH3COOH 
CH3COOH + 
UPMT 
CH3COOH + 
NPMT 
CH3COOH + 
PPMT 
CH3COOH + 
HPMT 
Ecorr 
(mV) 
-416.00 
-420.00 
-402.00 
-423.00 
-395.00 
-402.00 
-406.00 
-390.00 
-412.00 
-418.00 
'•corr 
(mA cm'^ ) 
0.350 
0.0035 
0.0051 
0.0094 
0.0154 
0.240 
0.005 
0.013 
0.015 
0.022 
IE 
(%) 
-
99.02 
98.54 
97.30 
95.60 
-
97.90 
94.70 
93.90 
90.83 
(mV dec*) 
68 
64 
60 
66 
70 
60 
52 
54 
58 
56 
be 
(mV dec"*) 
104 
106 
100 
112 
120 
100 
96 
92 
104 
98 
[Triazoles] = 500 ppm; [HCOOH] / [CH3COOH] =20%; Temp = 30 °C 
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Table 5.6. Dependence of electrochemical impedance parameters on 
[UPMT] for mild steel in HCOOH. 
System 
0 
25 
100 
500 
Rt 
(ohm cm )^ 
75.00 
498.89 
635.73 
841.04 
Cdi 
(HF cm" )^ 
1862.09 
342.68 
285.91 
250.52 
IE 
(%) 
-
88.17 
90.43 
93.60 
[HCOOH] =20%; Temp = 30 °C 
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50 100 300 500 700 
[Inhibitor] ppm 
Fig. 5.1 a Variation of inhibition efficiency on [triazole] (1. UPMT; 2. NPMT; 3. 
PPMT; 4. HPMT) for the corrosion of mild steel in HCOOH. 
Reaction conditions [HCOOH] =20%, Temp =30 °C, Immersion time 
=24 hours. 
50 100 300 500 700 
[Inhibitor] ppm 
Fig. 5.1 b Variation of inhibition efficiency on [triazole] (1. UPMT; 2. NPMT; 
3. PPMT; 4. HPMT) for the corrosion of mild steel in CH3COOH. 
Reaction conditions [CH3COOH] =20%, Temp =30 °C, Immersion 
time =24 hours. 
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Fig. 5.2a Variation of inhibition efficiency on immersion time for the corrosion 
of mild steel m presence of HCOOH and triazoles (1. UPMT; 2. 
NPMT; 3. PPMT; 4. HPMT). 
Reaction conditions [HCOOH] =20 %, Temp= 30 °C, [inhibitor]=500 
ppm. 
100 
24 48 72 96 120 
Immersion time ( h ) 
Fig. 5.2b Variation of inhibition efficiency on immersion time for the corrosion 
of mild steel in presence of CH3COOH and triazoles (1. UPMT; 2. 
NPMT; 3. PPMT; 4. HPMT). 
Reaction conditions [CH3COOH] =20 %, Temp= 30 "C, [inhibitor] 
=500 ppm. 
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Temperature ( C ) 
Fig. 53 a Variation of inhibition efficiency on temperature for the corrosion of 
mild steel in presence of HCOOH and triazoles (1. UPMT; 2. NPMT; 3. 
PPMT; 4. HPMT). 
Reaction conditions [HCOOH] =20 %, hnmersion time =24 hours, 
[inhibitor] =500 ppm. 
100 
Temperature ( C ) 
Fig. 5.3 b Variation of inhibition efficiency on temperature for the corrosion of 
mild steel in presence of CH3COOH and triazoles (1. UPMT; 2. NPMT; 
3. PPMT; 4. HPMT). 
Reaction conditions [CH3COOH] =20 %, Immersion time =24 hours, 
[inhibitor]=500 ppm. 
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HCOOH(%) 
Fig. 5.4 a Variation of inhibition efficiency on [HCOOH] for the corrosion of 
mild steel in presence of triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. 
HPMT). 
Reaction conditions [inhibitor] =500ppm, Temp= 30 °C, Immersion 
time =24 hours. 
100 
10 20 30 
CH3COOH{%) 
Fig. 5.4 b Variation of inhibition efficiency on [CH3COOH] for the corrosion of 
mild steel m presence of triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. 
HPMT). 
Reaction conditions [CH3COOH] =500ppm, Temp= 30 °C, Immersion 
time =24 hours. 
135 
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LogC(Ppm) 
Fig. 5.5 a Langmuir's adsorption isotherm plots for the adsorption of triazoles 
(1 .UPMT; 2. NPMT; 3. PPMT; 4. HPMT) on mild steel. 
Reaction conditions [HCOOH] =20%, Temp= 30 °C, Immersion time 
=24 hours. 
1.5 2 2 .5 
LogC(Ppm) 
Fig. 5.5 b Langmuir's adsorption isotherm plots for the adsorption of triazoles (1. 
UPMT; 2. NPMT; 3. PPMT; 4. HPMT) on mild steel. 
Reaction conditions [CH3COOH] =20%, Temp= 30 "C, Immersion time 
=24 hours. 
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Fig. 5.6 a Adsorption isothenn plot for log (9 /I- 9) versus 1/T for the adsorption 
of triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. HPMT) on mild steel. 
Reaction conditions [HCOOH] =20%, Immersion time =24 hours, 
[inhibitor]=500ppm. 
Fig. 5.6 b Adsorption isothenn plot for log (9 /I- 9) versus 1/T for the adsorption 
of triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. HPMT) on mild steel. 
Reaction conditions [CH3COOH] =20%, Immersion time =24 hours, 
[inhibitor]=500ppm. 
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Fig. 5.7 a Adsorption isotherai plot for log (CR) versus 1/T for the adsorption of 
triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. HPMT; 5. Blank) on mild 
steel. 
Reaction conditions [HCOOH] =20%, Immersion time =24 hours, 
[inhibitor] =500ppm. 
- 1 3 - 1 
T (10 K ) 
Fig. 5.7 b Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. HPMT; 5. Blank) on mild 
steel. 
Reaction conditions [CH3COOH] =20%, Immersion time =24 hours, 
[Inhibitor] =500ppm. 
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Fig. 5.8 a Adsorption isotherm plot for log (CR/T) versus 1/T for the adsorption 
of triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. HPMT; 5. Blank) on 
mild steel. 
Reaction conditions [HCOOH] =20%, Time =24 hours, [inhibitor] = 
SOOppm. 
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Fig. 5.8 b Adsorption isotherm plot for log (CR/T) verstis 1/T for the adsorption 
of triazoles (1. UPMT;2. NPMT;3. PPMT;4. HPMT;5. Blank) on mild 
steel. 
Reaction conditions [CH3COOH] =20%, Time =24 hours, inhibitor] 
=500ppm. 
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Fig. 5.9 a Plot of log (weight loss) versus immersion time in presence of 
triazoles (1. UPMT; 2. NPMT; 3. PPMT; 4. HPMT; 5. Blank) on mild 
steel. 
Reaction conditions [HCOOH] =20%, [inhibitor] = SOOppm, Temp = 
30 °C. 
24 48 72 
Time (h) 
Fig. 5,9 b Plot of log (weight loss) versus immersion time in presence of triazoles 
(1. UPMT; 2. NPMT; 3.. PPMT; 4. HPMT; 5. Blank) on mild steel. 
Reaction conditions [CH3COOH] =20%, [inhibitor] =500ppm, Temp= 
30 °C. 
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Current Density (mAcm ) 
Fig. 5.10 a Potentiodynamic polarization curves for mild steel in presence of 
triazoles 1) Blank (2) HPMT (3) PPMTT (4) NPMT (5) UPMT. 
Reaction conditions [HCOOH] =20%, [inhibitor] =500ppm, Temp= 30 
- 4 0 0 -
o 
Q. 
r -500-
Current Density (mAcm ) 
Fig. 5.10 bPotentiodynamic polarization curves for mild steel in presence of 
triazoles 1) Blank (2) HPMT (3) PPMT (4) NPMT (5) UPMT. 
Reaction conditions [CH3COOH] =20%, [inhibitor] =500ppm, Temp= 
30 °C. 
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Fig. 5.11 Nyquist plot of mild steel in 20% HCOOH in the absence and presence 
of 25,100 and 500 ppm of UPMT at 30 °C (1) Blank (2) 25 ppm (3) 
100ppm(4)500ppm. 
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Fig. 5.12 Scanning electron micrographs for mild steel surface in absence and 
presence of UPMT (a) polished mild steel (b) mild steel in 20% 
HCOOH and (c) mild steel in presence of UPMT. 
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The present chapter deals with the studies on the effect of 
cyclopentyl-tetrahydro-azathione (CPTAT), cyclohexyl-tetrahydro-azathione 
(CHTAT) and Isobutyl-methyl-tetrahydro-azathione (IBMTAT) on the 
corrosion inhibition of mild steel in formic and acetic acid. The corrosion 
inhibition behaviour of these compounds was ascertained by the weight loss 
method, potentiodynamic polarization method and electrochemical 
impedance method. The observed results are presented and discussed 
herewith. 
RESULTS AND DISCUSSION 
6.1. WEIGHT LOSS STUDIES 
The influence of variation in concentration of azathiones on the 
corrosion rate of mild steel in 20% HCOOH and 20% CH3COOH was studied 
by monitoring the weight loss. The weight loss studies were carried out 
under the varying conditions of immersion time, solution temperature and 
concentration of acid. 
The corrosion rate and inhibition efficiency were calculated at 
different concentrations of azathiones in the range 25- 700 ppm. The results 
are listed in Tables 6.1a and 6.1b. The addition of azathiones decreased the 
rate of corrosion of mild steel m formic and acetic acid solution. It has also 
been observed (Figures 6.1a - 6.1b) that the inhibition efficiency of these 
compounds increased with the increase in concentration upto 500 ppm and, 
thereafter, the inhibition efficiency becomes constant on further mcrease in 
[inhibitior]. The optunum concentration (500 ppm) at which inhibition 
efficiency is high is selected for further studies to observe the influence of 
immersion time, temperature and acid concentration. 
The effect of immersion time on inhibition efficiency was performed 
after dipping the mild steel strips for 24,48, 72, 96 and 120 hours at 30 °C in 
20% HCOOH / 20% CH3COOH. All the tested azathiones showed a decrease 
in inhibition efficiency with the increase in immersion time'^ ^ from 24h to 
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120h, as shown in Figures 6.2a - 6.2b. This behaviour shows the non-
persistency of the adsorbed azathiones over a longer test period. 
The inhibition efficiency of azathiones was studied at temperatures 
30°, 40°, 50° and 60° C after dipping mild steel strips for 24 hours in 20% 
HCOOH / 20% CH3COOH by weight loss method and the results are shown 
in Figures 6.3a - 6.3b. The azathione significantly increased the inhibition 
efficiency with an increase in temperature^^* from 30 to 60 °C, indicating 
that the rate of adsorption of inhibitive film is higher than the rate of 
desorption in this temperature range. This behaviour shows that azathiones 
persist over a longer test period at these temperatures. 
The dependence of inhibition efficiency on the concentration of acid 
was carried out by monitoring the weight loss at varying acid concentration 
in the range 10% - 30% (Figures 6.4a - 6.4b) at 30 °C for immersion time 24 
hours. The observed values of inhibition efficiency remains unaffected with 
increase in HCOOH concentration, suggesting that azathione behave as 
effective inhibitors in this concentration range'^'. The increase in 
concentration of CH3COOH resulted in increase in inhibition efficiency from 
10 - 20% and, thereafter, a decrease in the inhibition efficiency was 
observed on fiirther increase in acetic acid concentration. The decrease in 
inhibition efficiency on increasing acid concentration may be due to an 
increased aggressiveness of the acid solution'''*. 
The weight loss performed on mild steel at different initial 
concentrations of inhibitors in 20% HCOOH and 20% CH3COOH were used 
to evaluate the surface coverage, (6). The data were tested graphically by 
fitting to various isotherms. A straight line was obtained on plotting log (0 
/1-6) versus log C (Figures 6.5a - 6.5 b) suggestmg that the adsorption of the 
azathiones on mild steel surface follows Langmuir's adsorption isotherm. To 
obtain the values of heat of adsorption (Q), log (9/1-0) was plotted against 
1/T and is shown in Figures 6.6a - 6.6b. The values of adsorption (Q) were 
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obtained from the slope of the plot and are presented in Table 6.2. The lower 
values of Q, suggest the physical nature of adsorption''^. 
To obtain the values of Ea, the data obtained from the different 
experiments performed at various temperatures in the range from 30 °C to 60 
°C were used. The concentration of acid (formic and acetic acid) was fixed 
at 20% in the presence of 500 ppm [inhibitor] with immersion period 24h. 
The corrosion rate was determined by using the following equation: 
_ 8.76 X 10* X weight loss (mg) 
CR = 2 T~ 
Surface Area of Specimen (cm ) x time(h) x density of specimen (gem" ) 
Log (corrosion rate) versus 1/T was plotted (Figures 6.7a - 6.7b) and 
the slope of the plot gave the values of Ea. The values of (Ea) are presented 
in Table 6.2. 
The values of AH and AS for the adsorption of azathiones on the mild 
steel surface in presence of formic and acetic acid obtained by plotting the 
logarithm of (CR /T) against 1/T (Figures 6.8a - 6.8b). The slope and 
intercept gave the values of AH and AS respectively. The values of AH and 
AS for the adsorption of azathiones on mild steel surface are listed in Table 
6.2. 
The higher Ea values in the presence of CPTAT, CHTAT, IBMTAT 
in 20% (HCOOH/ CH3COOH) solution indicate that they exhibit high 
195 
inhibition efficiency at room temperatures • 
The variation in the values of AH in the presence of CPTAT, CHTAT 
and IBMTAT may be due to the energy released during the adsorption of 
azathiones at mild steel surface***^ . The decrease in entropy of activation AS 
in the presence of azathione indicates that the activated complex formed 
during the surface processes (corrosion and adsorption of inhibitor) is an 
associative in nature''^ Therefore, a decrease in disordemess takes place in 
the presence of inhibitors** .^ 
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The change in free energy of adsorption (AGads) was calculated*^^ 
using the following equation and the values are listed in Table 6.2. 
AGads = -RT In (55.5K) 
and K is given by: 
K = e/C (1-0) 
The lower values of AGads indicate that azathiones are physically 
adsorbed on the metal surface^ ^^ . The negative values of AGads indicates that 
the adsorption of inhibitor on the surface of mild steel is a spontaneous 
process **'*. 
In order to determine the dependency of the corrosion rate on 
immersion time, a number of experiments were performed in which 
weight losses were monitored as a function of immersion time. The 
concentrations of acid (HCOOH / CH3COOH) and inhibitor were kept 
constant at 20% and 500 ppm, respectively at 30 °C, A straight line was 
obtained for the plot of log (weight loss) versus immersion time as 
depicted in Figures 6.9a and 6.9b showing that the reaction obeyed first 
order kinetics. The rate constant was calculated using the following first 
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order rate equation : 
1,-2.303 [ A ] 
where Ao is the initial mass of the metal and A is the mass of the metal 
corresponding to time t. The half-life (ti/2) value was calculated using the 
following equation '^^ . 
11/2 = 0.693 /k 
The values of the rate constant and half-life period (ti/2) obtained in 
the absence and presence of azathiones are summarized in Table 6.3. The 
half-life (ti/2) values give the information regarding the durability of 
inhibitor film on the mild steel surface under the studied corrosive 
conditions'^ .^ 
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6.2. POTENTIODYNAMIC POLARIZATION STUDIES 
The cathodic and anodic polarization curves of mild steel in acidic 
solution of azathiones at 500 ppm concentration at 30±1 °C were studied and 
the results are shown in Figures 6.10a - 6.10b. 
Tafel plots were used to calculate corrosion current density (Icorr)» 
corrosion potential (Ecorr)» inhibition efficiency (IE) and tafel slope constants 
(ba & be). These values are given in Table 6.4. 
The values of Icorr decreased significantly in the presence of inhibitor. 
Maximum decrease in Icorr was observed for IBMTAT. All the azathiones do 
not show any significant change in Ecorr, ba and be values suggesting that 
these compounds are mixed type inhibitors'*^. 
6.3. ELECTROCHEMICAL IMPEDANCE STUDIES 
Table 6.5 gives the results of impedance studies and Figure 6.11 
shows Nyquist plot in the presence of 25, 100 and 500 ppm of IBMTAT. 
The Nyquist plot is not perfect semicircle and this difference has been 
attributed to firequency dispersion'* .^ The values of Rt and Cai were 
calculated fi*om Nyquist plot . The percentage inhibition efficiency was 
calculated fi-om the following equation'**. 
o/„ I.E. = ^^'° -^^^ X 100 
1/Ru. 
where R^o and B^ are charge transfer resistance without and with inhibitor, 
respectively and its values are given in Table 6.5. Rt values increases with 
increase in inhibitor concentration and, therefore it increases inhibition 
efficiency. The addition of IBMTAT to 20% HCOOH solution lowers the 
Cdi values, further confirms the inhibition in corrosion is due to surface 
adsorption of the inhibitor '*^ 
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6.4. SCANNING ELECTRON MICROSCOPIC STUDIES 
Photograph of the mild steel surface was taken by scanning electron 
microscope after its immersion in HCOOH, HCOOH and IBMTAT 
solutions. It was observed that the surface of mild steel immersed in 
azathione solution was smoother than that in blank 20% HCOOH (Figure 
6,12). These observations suggest that the inhibitors form protective layer 
over the metal surface and prevent the attack of acid on metal surface'^ ", 
6.5. MECHANISM OF CORROSION INHIBITION 
The azathione inhibit the corrosion by controlling both the anodic and 
cathodic reactions. In acidic solutions these compounds exist as protonated 
species. These protonated species adsorb on the anodic sites of the mild steel 
and decrease the evolution of hydrogen. The adsorption on anodic sites may 
occur through the n- electrons of aromatic rings and/ or lone pair of 
electrons of nitrogen and sulphur atoms''^ 
The inhibition in corrosion of mild steel in the formic acid / acetic 
acid by azathione may be due to its adsorption on the metal surface through 
lone pair of electrons of N- and S- atoms"'. 
That inhibition efficiency follows the order (as presented in Table 
6. la and 6.lb): IBMTAT > CHTAT > CPTAT 
The molecular structure plays an important role in its inhibitive 
properties. The higher inhibition efficiency for IBMTAT may be attributed 
to the presence of terminal -CH3 group, being hydrophobic, helps to cover 
more solid surfaces. In case of CHTAT and CPTAT, the cyclic hydrocarbon 
is rigid and non planar, and therefore, cannot cover the surface effectively, 
causes lowering in inhibition efficiency. 
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Table 6.1a Dependence of corrosion rate and inhibition efficiency on 
varying concentration of azathiones. 
Inhibitor 
Used 
CPTAT 
CHTAT 
IBMTAT 
Concentration 
(ppm) 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
Weight loss 
(mg) 
308.1 
71.40 
60.13 
55.24 
47.89 
42.36 
48.55 
308.1 
64.38 
47.27 
41.32 
38.28 
32.36 
39.04 
308.1 
52.17 
43.24 
38.39 
29.45 
21.62 
30.62 
IE 
(%) 
-
76.83 
80.48 
82.07 
84.63 
86.25 
84.24 
-
79.10 
84.60 
86.58 
87.58 
89.49 
87.33 
-
83.07 
85.96 
87.54 
90.44 
92.98 
90.06 
CR 
(mmpy) 
14.31 
3.32 
2.79 
2.57 
2.22 
1.97 
2.25 
14.31 
2.99 
2.20 
1.92 
1.78 
1.50 
1.81 
14.31 
2.42 
2.01 
1.78 
1.37 
1.00 
1.42 
[HCOOH] =20%, Temp = 30 "C, Immersion time = 24 hours 
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Table 6.1b Dependence of corrosion rate and inhibition efficiency on 
varying concentration of azathiones. 
Inhibitor 
Used 
CPTAT 
CHTAT 
ffiMTAT 
Concentration 
(ppm) 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
0 
25 
50 
100 
300 
500 
700 
Weight loss 
(n»g) 
150.28 
51.86 
44.07 
33.09 
27.96 
22.24 
25.45 
150.28 
44.35 
41.07 
33.00 
22.58 
17.52 
20.65 
150.28 
42.24 
38.06 
28.91 
20.27 
14.38 
17.97 
IE 
(%) 
-
65.49 
70.67 
77.38 
81.39 
85.20 
83.06 
-
70.49 
72.67 
78.04 
84.97 
88.34 
86.26 
-
71.89 
74.67 
80.76 
86.51 
90.43 
88.04 
CR 
(mmpy) 
6.97 
2.41 
2.05 
1.58 
1.30 
1.03 
1.18 
6.97 
2.06 
1.91 
1.53 
1.05 
0.81 
0.95 
6.97 
1.96 
1.77 
1.34 
0.94 
0.67 
0.83 
[CH3COOH] =20%, Temp = 30 °C, Immersion time = 24 hours 
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Table 6.2. Thermodynamic activation parameters for corrosion of mild steel 
in the absence and presence of azathiones. 
System 
HCOOH 
CPTAT 
CHTAT 
IBMTAT 
CH3COOH 
CPTAT 
CHTAT 
IBMTAT 
E. 
(kJ mol"^ ) 
51.24 
69.47 
75.20 
87.36 
26.45 
30.17 
42.89 
56.30 
-AH 
(kJmol'^ ) 
25.53 
12.53 
15.96 
22.34 
28.72 
15.96 
6.38 
9.57 
-AS 
(J mor^ K-^ ) 
226.31 
233.98 
235.89 
241.64 
222.49 
239.72 
245.46 
247.38 
-AGads 
(kJ mol*) 
-
31.20 
32.23 
33.33 
-
31.53 
32.35 
32.61 
-Q 
(kJ mor^ ) 
-
8.93 
5.10 
10.84 
-
10.85 
9.57 
6.38 
[Azathiones] = 500 ppm; [HCOOH] / [CH3COOH] =20%; Time = 24 hours 
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Table 6.3. Half-life values (in hours, h) for the corrosion of mild steel in the 
presence of azathiones. 
System 
HCOOH 
HCOOH + CPTAT 
HCOOH + CHTAT 
HCOOH +IBMTAT 
CH3COOH 
CH3COOH + CPTAT 
CH3COOH + CHTAT 
CH3COOH + IBMTAT 
10-^k(h-^) 
12.87+0.0608 
6.5710.0506 
6.07±0.0631 
4.45±0.0412 
7.55±0.0089 
5.61±0.0743 
5.03 +0.0621 
4.68±0.2410 
ti/2(h) 
538.46 
1054.79 
1141.30 
1557.30 
917.88 
1235.67 
1375.35 
1479.23 
[Azathiones] = 500 ppm; [HCOOH] / [CH3COOH] =20%; Temp = 30 °C 
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Table 6.4. Electrochemical polarization parameters for the corrosion of mild 
steel in HCOOH and CH3COOH containing azathiones. 
System 
HCOOH 
HCOOH + 
CPTAT 
HCOOH + 
CHTAT 
HCOOH + 
IBMTAT 
CH3COOH 
CH3COOH + 
CPTAT 
CH3COOH + 
CHTAT 
CH3COOH + 
roMTAT 
'^corr 
(mV) 
-416.00 
-400.00 
-420.00 
-428.00 
-402.00 
-390.00 
-408.00 
-415.00 
**orr 
(mA cm"^ ) 
0.350 
0.055 
0.041 
0.026 
0.240 
0.041 
0.036 
0.025 
IE 
(%) 
-
84.28 
88.29 
92.57 
-
82.50 
85.00 
89.58 
b. 
(mV dec-^ ) 
68 
64 
54 
66 
60 
50 
54 
56 
be 
(mV dec-^ ) 
104 
114 
120 
116 
100 
96 
104 
106 
[Azathiones] = 500 ppm; [HCOOH] / [CH3COOH] =20%; Temp = 30 °C 
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Table 6.5. Dependence of electrochemical impedance parameters on 
[IBMTAT] for mild steel in HCOOH. 
System 
0 
25 
100 
500 
R. 
(ohm cm )^ 
75.00 
267.53 
509.06 
764.18 
Q i 
(ixF cm"^ ) 
1585.03 
142.57 
136.41 
130.56 
IE 
(%) 
-
71.89 
85.23 
90.16 
[HCOOH] =20%; Temp = 30 °C 
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Fig. 6.1a Variation of inhibition efficiency on [azathione] (1. CPTAT; 2. 
CHTAT; 3. IBMTAT) for the corrosion of mild steel in HCOOH. 
Reaction conditions [HCOOH] =20%, Temp =30 °C, Immersion time 
=24 hoiirs. 
100 
50 100 300 500 700 [Inhibitor] ppm 
Fig. 6.1b Variation of inhibition efficiency on [azathione] (1. CPTAT;2. 
CHTAT; 3. IBMTAT) for the corrosion of mild steel in CH3COOH. 
Reaction conditions [CH3COOH] =20%, Temp =30 °C, Immersion 
time =24 hours. 
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Fig. 6.2 a Variation of inhibition efficiency on immersion time for the corrosion 
of mild steel in presence of HCOOH and a2athiones (1. CPTAT; 2. 
CHTAT; 3. ffiMTAT). 
Reaction conditions [HCOOH] =20 %, Immersion time =24 hours, 
[inhibitor] =500 ppm. 
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Fig. 6.2 b Variation of inhibition efficiency on immersion time for the corrosion 
of mild steel in presence of CH3COOH and azathiones (1. CPTAT; 2. 
CHTAT; 3. IBMTAT). 
Reaction conditions [CH3COOH] =20 %, Inmiersion time =24 hours, 
[inhibitor] =500 ppm. 
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Fig. 63 a Variation of inhibition eflGciency on temperature for the corrosion of 
mild steel in presence of HCOOH and azathiones (1. CPTAT; 2. 
CHTAT; 3. IBMTAT). 
Reaction conditions [HCOOH] =20 %, Temp= 30 "C, [inhibitor] =500 
ppm. 
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Fig. 63 b Variation of inhibition efficiency temperature for the corrosion of mild 
steel in presence of CH3COOH and azathiones (1. CPTAT; 2. CHTAT; 
3. IBMTAT). 
Reaction conditions [CH3COOH] =20 %, Temp= 30 °C, [inhibitor] 
=500 ppm. 
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Fig. 6.4 a Variation of inhibition efficiency on [HCOOH] for the corrosion of 
mild steel in presence of azathiones (1. CPTAT; 2. CHTAT; 3. 
IBMTAT). 
Reaction conditions [inhibitor] =500ppm, Temp= 30 °C, Time 
=24hours. 
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Fig. 6.4 b Variation of inhibition efficiency on [CH3COOH] for the corrosion of 
mild steel in presence of azathiones (1. CPTAT;2. CHTAT;3. 
IBMTAT). 
Reaction conditions [inhibitor] =500ppm, Temp= 30 °C, Immersion 
time =24hours. 
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Fig. 6.5 a Langmuir's adsorption isotherm plots for the adsorption of azathiones 
(1. CPTAT; 2. CHTAT; 3. IBMTAT) on mild steel. 
Reaction conditions [HCOOH] =20%, Temp= 30 °C, Immersion time 
=24 hoiirs. 
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Fig. 6.5 b Langmxiir's adsorption isotherm plots for the adsorption of azathiones 
(1. CPTAT; 2. CHTAT; 3. IBMTAT) on mild steel. 
Reaction conditions [CH3COOH] =20%, Temp= 30 °C, Immersion 
time =24 hours. 
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Fig. 6.6 a Adsorption isotherm plot for log (9 /I- 8) versus lAT for the adsorption 
of azathiones (1. CPTAT; 2. CHTAT; 3. IBMTAT) on mild steel. 
Reaction conditions [HCOOH] =20%, Immersion time =24 hours, 
[inliibitor]=500ppm. 
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Fig. 6.6 b Adsorption isotherm plot for log (9 /I- 9) versus 1/T for the adsorption 
of azathiones (1. CPTAT; 2. CHTAT; 3. IBMTAT) on mild steel. 
Reaction conditions [CH3COOH] =20%, Immersion tune =24 hours, 
[inhibitor]=500ppm. 
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Fig. 6.7 a Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
azathiones (l.CPTAT; 2.CHTAT; 3.IBMTAT; 4. Blank) on mild steel 
Reaction conditions [HCOOH] =20%, Immersion time =24 hours, 
[inhibitor] =500ppm. 
Fig. 6.7 b Adsorption isotherm plot for log (CR) versus 1/T for the adsorption of 
azathiones (l.CPTAT; 2. CHTAT; 3. IBMTAT; 4. Blank) on mild steel 
Reaction conditions [CH3COOH] =20%, Immersion time =24 hours, 
[inhibitor]=500ppm. 
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Fig. 6.8 a Adsorption isotherm plot for log (CR/T) versus 1/T for the adsorption 
of azathiones (1. CPTAT; 2. CHTAT; 3. IBMTAT; 4. Blank) on mild 
steel. 
Reaction conditions [HCOOH] =20%, Immersion time =24 hours, 
[inhibitor] =500ppm. 
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Fig. 6.8 b Adsorption isotherm plot for log (CR/T) versus 1/T for the adsorption 
of azathiones (1. CPTAT; 2. CHTAT; 3. BMTAT; 4. Blank) on mild 
steel. 
Reaction conditions [CH3COOH] =20%, Immersion time =24 hours, 
[inhibitor] =500ppm. 
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Fig. 6.9 a Plot of log (weight loss) versus immersion time in presence of 
azathiones (1. CPTAT; 2. CHTAT; 3. IBMTAT; 4. Blank) on mild 
steel. 
Reaction conditions [HCOOH] =20%, [inhibitor] =500ppm, Temp = 
30 °C. 
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Fig. 6.9 b Plot of log (weight loss) versus immersion time in presence of 
azathiones (1. CPTAT; 2. CHTAT; 3. BMTAT; 4. Blank) on mild 
steel. 
Reaction conditions [CH3COOH] =20%, [inhibitor] =500ppm, Temp 
= 30''C. 
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Fig. 6.10 a Potentiodynamic polarization ciirves for mild steel in presence of 
azathiones 1) Blank (2) CPTAT (3) CHTAT (4) IBMTAT. 
Reaction conditions [HCOOH] =20%, [inhibitor] =500ppm, Temp= 
30 °C. 
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Fig. 6.10 b Potentiodynamic polarization curves for mild steel in presence of 
azathiones 1) Blank (2) CPTAT (3) CHTAT (4) IBMTAT. 
Reaction conditions [CH3COOH] =20%, [inhibitor] =500ppm, 
Temp=30°C. 
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Fig. 6.11 Nyquist plot of mild steel in 20% HCOOH in the absence and presence 
of 25,100 and 500 ppm of IBMTAT at 30 "C (1) Blank (2) 25 ppm (3) 
100 ppm (4) 500 ppm. 
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Fig. 6.12 Scanning electron micrographs for mild steel surface in absence and 
presence of IBMTAT (a) polished mild steel (b) mild steel in 20% 
HCOOH and (c) mild steel in presence of IBMTAT. 
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Thiadiazoles-A potential class of heterocyclic inhibitors for prevention of mild 
steel corrosion in hydrochloric acid solution 
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Four organic inhibitors namely 2-amino-l,3,4-thiadiazole (AT), 5-methyl-2-amino-l,3,4-thiadiazole (MAT), 5-ethyl-2-
amino-l,3,4-thiadiazole (EAT) and 5-propyl-2-amino-l,3,4-thiadiazole (PAT) were synthesized and their influence on the 
inhibition of corrosion of mild steel (MS) in hydrochloric acid was investigated by weight loss and potentiodynamic 
polarization techniques. The inhibition efficiency (IB) of these compounds was found to vary with the inhibitor 
concentration, immersion time, acid concentration and solution temperature. All the investigated thiadiazoles exhibited good 
inhibition efficiency (IE) for mild steel in hydrochloric acid solution. The adsorption of all these compounds on mild steel in 
acid solution has been found to obey Langmuir's adsorption isotherm. The potentiodynamic polarization data showed that 
the inhibitors are of mixed type. Various thermodynamic parameters (£„ AG,di, AQ, AH, A5, t,/2) have also been calculated 
to investigate the mechanism of corrosion inhibition. 
Keywords: Corrosion inhibition, thiadiazoles, mild steel, potentiodynamic polarization, langmuir adsorption isotherm 
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Heterocyclic compounds represent a potential class of 
corrosion inhibitors. Corrosion inhibition by nitrogen 
containing heterocyclic compounds has been widely 
reported in literature'"^. Heterocyclic compounds 
containing both nitrogen and sulphur atoms are of 
particular importance as they often provide excellent 
inhibition compared to those containing only nitrogen 
or sulphur* '^". The corrosion inhibiting property of 
these compounds is attributed to their molecular 
structure. The planarity (JI) and lone pair of electrons 
present on heteroatoms are the important structural 
features that determine the adsorption of these 
molecules on the metal surface. 
The corrosion inhibiting behaviour of thiadiazoles 
on mild steel were reported by Azhar et a/." and 
Bentiss et al}^ in acidic media. Heterocyclic 
thiadiazoles besides being used as corrosion inhibitor 
also find its diverse application in biological and 
pharmacological activities'^'*. 
hi continuation of the earlier work on thiadiazole 
derivative as corrosion inhibitors, this paper presents 
the results of the study done to determine the 
corrosion inhibiting potential of 2-amino-1,3,4-
thiadiazole (AT), 5-methyl-2-amino-l,3,4-thiadiazole 
•For correspondence (E-mail: maquraishi@rediffmail.com; 
Fax:0091+571+2700528) 
(MAT), 5-ethyl-2-amino-l,3,4-thiadiazole (EAT) and 
5-propyl-2-amino-l,3,4-thiadiazole (PAT) on mild 
steel in acidic media. 
Experimental Procedure 
Synthesis of thiadiazoles 
The thiadiazole inhibitors were synthesized in the 
laboratory following the procedure described earlier''', 
characterized through their spectral data and their 
purity was confirmed by thin layer chromatography 
(TLC). Name, structural formulas, melting points 
and molecular weight of the products are given in 
Table 1. 
Electrolyte 
The aggressive solutions used were made of 35% 
HCl (AR grade). Appropriate concentrations of acid 
were prepared using double distilled water. The 
concentration range of inhibitor employed was 10 to 
100 ppm in the hydrochloric acid. 
Specimens 
The mild steel strips having composition, (wt %): 
C, 0.04; Mn, 0.035; Si, 0.17; S, 0.025; P, 0.03% and 
balance Fe were used for weight loss and 
electrochemical studies. Strips were mechanically 
polished with emery papers of 1/0, 2/0, 3/0, and 4//0 
grade and degreased with trichloroethylene. 
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Table 1—Name and molecular structures of the compound used 
N N 
R ^ S ^ N H z 
1. R = H (2-Amino-l,3,4-thiadiazole. AT); 
mol. wt = 101; melting point = 101°C 
2. R = CH3 (5-Methyl-2-amino-l,3,4-thiadiazole,MAT); 
mol. wt = 115; melting point = 122°C 
3. R = C2H5 (5-Ethyl-2-amtno-l,3,4-thiadiazole,EAT); 
mol. wt =129; melting point = 163°C 
4. R = C3H7 (5-Propyl-2-amino-l,3,4-thiadiazole,PAT); 
mol. wt = 143; melting point = 175°C 
Weight loss studies 
TTie mild steel strips of size 2.0x2.0x0.025 cm were 
used for weight loss measurement studies. All the 
weight loss experiments were carried out at 
temperature, 30°C, and inunersion time, 2 h, except 
for the time and temperature variation studies from 
2-24 h and 30 to 60°C respectively. The experiments 
were performed as per ASTM G31-72 method'^  
The inhibition efficiency (%) of the inhibitors was 
calculated by using the following equation: 
Table 2—Corrosion parameters for mild steel in aqueous solution 
of 1 N HCl in absence and presence of different concentrations of 
various inhibitors from weight loss measurements at 30°C for 2 h 
xlOO 
where, CRo = corrosion rate of blank hydrochloric 
acid and CRi = corrosion rate after adding inhibitors. 
Electrochemical studies 
For potentiodynamic polarization studies, mild 
steel strips of the same composition, as that of weight 
loss, coated with conunercially available lacquer 
(exposed area, 1.0 cm )^ were used and the 
experiments were carried out at 30±1°C. Equilibrium 
time leading to steady state (ocp) of the specimens 
was 30 min. Scan rate in potentiodynamic experiment 
was 1 mV/s. Potentiodynamic polarization studies 
were carried out using an EG & G Princeton Applied 
Research (PAR) potentiostat/galvanostat (model 173), 
a universal programmer (model 175) and a X-Y 
recorder (model RECX)89). A platinum foil was used 
as auxiliary electrode and a saturated calomel 
electrode (SCE) was used as reference electrode. 
The Corrosion Rate (CR) was calculated using the 
following formula'*. 
CR = SSE 
D 
Inhibitor concentration 
(ppm) 
IN HCl 
AT 
10 
25 
50 
75 
100 
MAT 
10 
25 
50 
75 
100 
EAT 
10 
25 
50 
75 
100 
PAT 
10 
25 
50 
75 
100 
Weight loss 
(mg) 
61.20 
16.90 
8.80 
4.90 
4.10 
2.50 
13.20 
6.40 
4.30 
3.60 
2.20 
10.60 
7.10 
4.00 
3.40 
2.10 
7.30 
6.00 
3.10 
2.40 
1.30 
IE 
(%) 
0.00 
72.39 
85.62 
91.99 
93.30 
95.92 
78,43 
88.39 
92.97 
94.12 
96.41 
82.67 
89.54 
93.46 
94.44 
96.56 
88.07 
90.19 
94.93 
96.07 
97.88 
CR 
(mmpy) 
34.10 
8.92 
4.90 
2.73 
2.28 
1.39 
7.36 
3.57 
2.40 
2.01 
1.23 
5.91 
3.96 
2.23 
1.89 
1.17 
4.07 
3.34 
1.73 
1.38 
0.72 
where. Icon = corrosion current density in mA/cm ; 
EW = equivalent weight of the metal in g/eq. and D = 
density of the metal in g/cm'. 
Results and Discussion 
Weight loss studies 
The values of percentage inhibition efficiency (% 
/£) and corrosion rate (CR) obtained from weight loss 
method at different concentrations of inhibitors at 
30°C are summarized in Table 2. It has been found 
that all of these compounds inhibit the corrosion of 
mild steel in HCl solution, at all concentrations used 
in this study i.e., 10-100 ppm. The variation of 
inhibition efficiency with increase in inhibitor 
concentrations is shown in Fig. la. It has been 
observed that the inhibition efficiency for all of these 
compounds increases with the increase in 
concentration of inhibitor. The effect of immersion 
time on inhibition efficiency is shown in Fig. lb. It is 
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found that all the tested thiadiazoles show decrease in 
the inhibition efficiency with the. increase of 
immersion time from 2 to 24 h. The influence of 
solution temperature on inhibition efficiency is shown 
in Fig. Ic. It is observed that inhibition efficiency for 
all the compounds increases with increase in solution 
temperature from 30-60°C indicating that the 
adsorption phenomenon becomes more pronounced 
with the increase of temperature. The variation of 
inhibition efficiency with increase in acid 
concentration is shown in Fig. Id and it is clear that 
change in acid concentration from 1 to 3 N did not 
cause any significant change in inhibition efficiency 
values, thereby, suggesting that all the compounds are 
effective corrosion inhibitors in acid solution over this 
concentration range. 
UJ 
95 
90 
•5 
BO 
75 
70 
(a) 
w 
—1 1 
•AT 
6 MAT 
OEAT 
APAT 
I f 1 
^ VV^ 
\N 
- •AT N 
4 MAT 
- oEAT 
APAT 
1 1 1 
(b) 
5K 
^ . 
• 1 
J_w*-I 1 
20 t o SO 90 100 
Inhibitor cone, (ppm) 
2 4 6 • 24 
Immersion time (h) 
30 40 SO 80 
Solution temperature ("C) 
1 2 3 
Acid concentration (N) 
Fig. 1—Variation of inhibition efficiency with (a) inhibitor 
concentratioR;(b) Immersion time, (e) solution tempei«ture, and 
(d) acid concentration in 1N HCl 
The degree of surface coverage (9) for different 
concentrations of inhibitors in 1 N HCl at 30-60°C for 
2 h of immersion time has been evaluated from 
weight loss values. The data were tested graphically 
by fitting to various isotherms. A plot of log (8/1-6) 
versus 1/7 is given in Fig. 2a. The plot gives the 
values for calculating, heat of adsorption ((2) with a 
slope (-Q/2.303i?). The values for the heat of 
adsorption are included in Table 3. Since the values of 
heat of adsorption for all the inhibitors are less than 
-40 Klmol"', hence physical adsorption'^  occurs. 
It has been reported by number of authors'*"^" that 
in acid solution, the logarithm of the corrosion rate is 
a Unear function with 1/7 (Arrhenius equation): 
Log (rate) = -El 
2.303 KT 
• + A ...(1) 
where, E\ is the apparent effective activation energy, 
R the general gas constant and A the Arrhenius pre 
exponential factor. A plot of log of corrosion rate 
obtained by weight loss measurement versus \IT gave 
straight line as shown in Fig. 2b. The values of 
activation energy -(E^) obtained from the slope of 
the lines are given in Table 3. An alternative formula 
of the Arrhenius equation is the transition state 
equation '^: 
Rate = —exp M 
0 r 
exp 
AH" 
RT 
• ••(2) 
where, h is the plank s constant, N the Avogadro s 
number,. AS° the entropy of activation, and A ^ the 
enthalpy of activation. A plot of log (CR/T) versus 
l/T gave a straight line (Fig. 2c), with a slope of 
(-Air/2.303 R) and an intercept of [(log(R/NA) + 
(Ay/2.303 /?)], from which the values of A5° and A ^ 
Table 3—Thermodynamic activation parameters for mild steel in 1 N HCl in absence and presence 
of inhibitors of 100 ppm concentration 
Inhibitor concentration 
(ppm) 
IN HCl 
AT 
MAT 
EAT 
PAT 
£•. 
(K.' mol"') 
57.33 
52.84 
51.44 
46.95 
38.23 
-AH 
(KJ mor') 
57.40 
103.00 
60.90 
73.60 
47.85 
-^ 
(J mol'ir') 
197.59 
226.31 
228.23 
230.15 
235.89 
-AGKU 
(KJ moF') 
-
37.74 
38.07 
39.22 
39.(51 
-i2 
(KJmor') 
. 
5.74 
11.43 
19.14 
38.2 
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[(1/T) X IOVK'^ 
Z 4 6 « 
Immersion time (h) 
Fig. 2—(a) Adsoqjtion isotherm plot for log (6/1-6) versus 1/7"; 
(b) Adsorption isotherm plot for log (CR) versus 1/T; (c) 
Adsorption isotherm plot for log (CR/T) versus 1/7; and (d) Half-
life plot for log (weight loss) versus immersion time in 1 N HCI 
were calculated and listed in Table 3. The data shows 
that thermodynamic activation functions (£°a) of the 
corrosion in mild steel in 1 N HCI solution in the 
presence of the inhibitors are lower than those in the 
free acid solution indicating that all the inhibitors 
exhibit high IE at elevated temperatures^. The value 
of AH° is lower in presence of PAT inhibitor, 
indicating that the less energy barrier for the reaction 
in presence of the inhibitor is attained and hence 
exhibit high IE at elevated temperatures and more in 
case of AT, MAT and EAT indicating energy barrier 
for the reaction in presence of inhibitor is attained^ .^ 
The values of activation. A5° in the absence and 
presence of the inhibitors are large and negative. This 
indicates that the activated complex in the rate 
determining step represents an association rather than 
a dissociation step, meaning that a decrease in 
disordering takes place on going from reactants to the 
activated complex^. Free energy of adsorption 
.(AGKIS), calculated using the following equations^ are 
given in Table 3. 
.AG^s = -RTln(55.5K) 
and AT is given by: 
^=e/c(i-e) 
.(3) 
..(4) 
Table A—^Half-life (h) values for the corrosion of mild steel at 
different inunersion time in 1 N HCI in absence and presence of 
inhibitors of 100 ppm concentration at 30°C 
Inhibitor concentration 
(ppm) 
IN HCI 
AT 
MAT 
EAT 
PAT 
0/2 (2h) 
705.33 
127.96 
119.31 
110.07 
96.67 
0/2 (4h) 1,^2 (6h) r,^(8h) 
638.89 430.92 226.7 
124.77 116.93 96.80 
116.93 109.81 92.81 
108.67 103.97 90.24 
95.83 91.41 79.57 
where, 6 is degree of coverage on the metal surface, C 
is concentration of inhibitor in mol/L, K is 
equilibrium constant, R is a constant and T is 
temperature. It is found that the AGads value is less 
than -40 KJ/mol (-9.56 KCal/mol) indicating that the 
thiadiazoles are physically adsorbed on the metal 
surface^. 
The negative value of AGads indicated the 
spontaneous adsorption of inhibitor on the surface of 
mild steel ^ *. It was also found that value of activation 
energy of the inhibited systems were lower than that 
of uninhibited system. Putibva et al.^ have indicated 
that this type of inhibitor is effective at higher 
temperatures. 
TTie plot of log (weight loss) versus immersion time 
is shown in Fig. 2d, which gives the values for 
calculating half life". The half-life (/;/2) values were 
28 calculated using the equation 
11/2= 0.693/k 
where 
it = [2.303 log (weight \oss)]/T 
..(5) 
..(6) 
and weight loss is expressed in gms. The values of 
half-life (ti/2) obtained from the above formula are 
summarized in Table 4. Half-life values decrease with 
increase in the immersion time of the inhibitor. 
Application of adsorption isotherm 
The mechanism of corrosion inhibition may be 
explained on the basis of adsorption behaviour. The 
degrees of surface coverage (8) for different inhibitor 
concentrations were evaluated from weight-loss data. 
Data were tested graphically by fitting to various 
isotherms. A straight line was obtained on plotting log 
(6/1-6) versus logC (Fig. 3) suggesting that the 
adsorption of the compounds from HCI on mild steel 
surface follows Langmuir's adsorption isotherm. 
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Potentiodynamic polarization studies 
The polarization behaviour of mild steel in IN HCl 
in absence and presence of 100 ppm inhibitor 
concentration is shown in Fig. 4. Electrochemical 
parameters such as corrosion current density {Icm), 
corrosion potential (fcon). Tafel constants (fcj and be) 
and percentage inhibition efficiency (% IE) calculated 
from Tafel plots are given in Table 5. It is observed 
that presence of the inhibitor lowers Icon values. 
Maximum decrease in Icm was obsferved for PAT 
indicating that PAT is most effective corrosion 
inhibitor among the studied compounds. Similar trend 
was observed by weight loss method. It is also 
observed from Table 5 that (Econ) values and Tafel 
slope constants ba and be, do not change significantly 
in inhibited solution as compared to uninhibited 
solution. It is seen from the results that thiadiazoles 
do not shift Ecm values significantly thereby 
suggesting that they are mixed type inhibitors. This 
type of behaviour has been observed for mild steel in 
2.0 
-45 -4,0 -3.5 -3.0 -2.5 
Log C (mol/L) 
Pig. 3—Langmuir's adsorption isotherm plots for tlie adsorption 
of various inhibitors in 1 N HCl on the surface of mild steel 
- - -300 
o 
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> 
E 
•S -500 
c 
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o 
°- -600 
-700 
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^^_^^^^^^^^^^sd 
1 1 ^ . 
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Current density (mA cm ) 
10 
acid solution containing 2-hydrazino-6-methyl-
benzothiazole^'. 
The variation of free corrosion potential (ocp) with 
time has been given in Fig. 5. The free corrosion 
potenial (ocp) did not change significantly with time. 
These observations suggest that all the thiadiazoles 
adsorb on the metal surface by blocking the active 
sites of the steel surface without affecting the 
mechanism of corrosion reaction. 
Mechanism of inhibition 
Inhibition of corrosion of mild steel in the acidic 
solutions by thiadiazoles can be explained on the 
basis of molecular adsorption. It is apparent from the 
molecular structures that these compounds are able to 
get adsorbed on the metal surface through n-electrons 
of aromatic ring and lone pair of electrons of N and S 
atoms, and as a protonated species like amines'"'. 
Among the compounds investigated in the present 
study, the order of/£ has been found to be as follows: 
PAT>EAT>MAT>AT 
(C3) (C2) (C,) (H) 
Table 5—Electrochemical polarization parameters for the 
corrosion of mild steel in 1 N HCl containing 100 ppm inhibitors 
atSO-C. 
concentration (mV) (mA cm ^ ) 
(ppm) 
IE K b, 
(%) (mVdec"')(mVdec"') 
IN HCl 
AT 
MAT 
EAT 
PAT 
-525.00 
-538.33 
-52333 
-523.33 
-515.00 
0.350 
0.080 
0.060 
0.058 
0.055 
77.14 
82.86 
83.43 
84.29 
60 
63 
70 
58 
67 
130 
150 
143 
137 
157 
Fig. A—Potentiodynamic polarization curves for mild steel in 1 N 
HCl containing 100 ppm concentrations of various thiadiazoles 
0,5 1.0 1.5 2.0 2.5 
Time (h) 
Fig. 5—Variation of free corrosion potential (ocp) with time of 
inhibitor (PAT) (100 ppm) in 1 N HCl 
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There is decrease in the IE of thiadiazoles as the 
size of side chain alkyl group decreases. The presence 
of propyl group in PAT also increases the density of 
electrons on sulphur and nitrogen atom caused by 
resonance effect, which facilitate stronger adsorption 
of PAT on the mild steel surface. This leads to higher 
IE of PAT than EAT compared with MAT and AT. 
The IE goes on decreasing with decrease in the 
number of carbon atoms as a consequence of the 
decrease in the electron density on N and S atom. 
Conclusion 
From the results of the study the following 
conclusions can be drawn: 
(i) All the thiadiazoles acted as efficient corrosion 
inhibitor in hydrochloric acid (HCl) solution. 
(ii) In the weight loss studies the inhibition 
efficiency: (a) increases with increase in 
inhibitor cone, from 10 to 100 ppm and solution 
temperature from 30 - 60°C; (b) decreases with 
increase in immersion time, from 2-24 h; (c) 
does not show any significant change with 
increase in acid concentration. 
(iii) All the four compounds inhibited corrosion by 
adsorption mechanism, and the adsorption of 
these compounds from hydrochloric acid 
solution followed Langmuir adsorption 
isotherm. 
(iv) The potentiodynamic polarization studies reveal 
that compounds examined acted as mixed type 
inhibitor in 1 N HCl solution. 
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Abstract 
Four heterocyclic compounds namely 2-amino-l,3,4-thiadiazoles (AT), 5-Methyl-2-amino-l,3,4-thiadiazoles 
(MAT), 5-Ethyl-2-amino-l,3,4-thiadiazoles (EAT) and 5-Propyl-2-amino-l,3,4-thiadia2oles (PAT) were synthesized 
and their influence on the inhibition of corrosion of mild steel (MS) in 0.5 M H2SO4 was investigated by weight loss 
and potentiodynamic polarization techniques. The values of activation energy, free energy of adsorption, heat of 
adsorption, enthalpy of activation and entropy of activation were also calculated to investigate the mechanism of 
corrosion inhibition. Potentiodynamic polarization studies were carried out at room temperature, and showed that 
all the compounds studied are mixed type inhibitors causing blocking of active sites on the metal. The inhibition 
efficiency of the compounds was found to vary with concentration, temperature and immersion time. Good inhi-
bition efficiency was evidenced in the sulfuric acid solution. The adsorption of the compounds on mild steel for 
sulfuric acid was found to obey Langmuir's adsorption isotherm. FT-IR spectroscopic studies were also used to 
investigate the purity of compounds synthesized. 
1. Introduction 
Heterocyclic compounds represent a potential class of 
corrosion inhibitors. There is a wide range of studies 
in the literature regarding corrosion inhibition by 
nitrogen-containing heterocyclic compounds [1-5]. 
Heterocyclic compounds containing both nitrogen 
and sulfur atoms are of particular importance as they 
oflen provides excellent inhibition compared with 
compounds containing only nitrogen or sulfur [6-10]. 
The corrosion inhibiting property of these compounds 
is attributed to their molecular structure. The planar-
ity (jt) and lone pair of electrons present on hetero-
atoms are the important structural features that 
determine the adsorption of these molecules on the 
metal surface. 
The corrosion inhibiting behavior of thiadiazoles on 
mild steel have been reported in acidic media [11-14]. 
Heterocyclic thiadiazoles, besides being used as corro-
sion inhibitors, also find diverse application in biological 
and pharmacological activities [15-16]. 
In the present investigation, the corrosion inhibiting 
behavior of thiadiazoles, a new class of heterocyclic 
inhibitors, was investigated on mild steel in an acidic 
solution. The compounds were 2-amino-l,3,4-thiadiaz-
oles (AT), 5-Methyl-2-amino-r,3,4-thiadiazoles (MAT), 
5-Ethyl-2-amino-l,3,4-thiadiazoles (EAT) and 5-Propyl-
2-amino-l,3,4-thiadiazoles (PAT). 
2. Experimental details 
Weight loss experiments were performed with cold rolled 
mild steel strips of size 2.0 x 2.0 x 0.25 cm having com-
position, (wt %): 0.14% C, 0.35% Mn, 0.17% Si, 0.025% 
S, 0.03% P, and balance Fe as per standard method [17]. 
Double distilled water was used to prepare solutions of 
0.5 M H2SO4. Thiadiazoles were synthesized as described 
by Kidwai et al. [15] and characterized through their 
spectral data; their purity was confirmed by thin layer 
chromatography. The names, molecular structures and 
molecular weights of the compounds are given in Table 1. 
Potentiodynamic polarization studies were carried out 
using and EG&G (PAR model 173) potentiostat/galva-
nostat, a model 175 Universal programmer and a model 
175 Universal programmer and a model RE 0089 X-Y 
recorder. A platinum foil was used as counter electrode. 
All the experiments were carried out at a constant 
temperature of 28 ± 2 °C and at a scan rate of 1 mV s~' 
at open current potential (o.c.p). The polarization 
curves were obtained after immersion of the electrode 
until a steady state was reached. 
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7<rfi/e/. Name, structures and molecular weights of the compounds 3. 5-Ethyl-2-amino-1, 3, 4-thiadiazoles (EAT) - IR 
^ (KBr): 3220 (NHj), 1642 (C=N) , 1316 (C-N), 653 
Relative (C-S), 1002 (CHjCHr-) cm"'. 
Mol. weight 4. 5-Propyl-2-amino-l, 3, 4-thiadiazoles (PAT) - IR 
— (KBr): 3044 (NH2), 1653(C=N), 1285 (C-N), 
657(C-S), 800 (CH3CH2CH2-) cm"'. 
S. Structure 
No 
Name and abbreviation 
1. N N 2-amino-1,3,4- thiadiazole, AT 101 
2. N N 5-methyl-2-amino-l, 3, 4- 115 
11 1] thiadiazole, MAT 
3. N N 5-ethyl-2-amino-l, 3, 4-n— 1^ 
ll ll thiadiazole, EAT 
4. N N 5-propyl-2-amino-I, 3, 4-
ll ll thiadiazole, PAT 
H7C3'^S'''^NH2 
129 
143 
2.1. FT-IR spectroscopy 
The FT-IR spectroscopic study was also used to 
investigate the purity of compound synthesized. The 
results are listed below: 
1. 2-amino-1, 3, 4-thiadiazoles (AT) - IR (KBr): 3348 
(NfHz), 1647 (C=N), 1311 (C-N), 600 (C-S) cm"'. 
2. 5-Methyl-2-amino-l, 3, 4-thiadiazoles (MAT) - IR 
(KBr): 3321 (NHj), 1645 (C=N), 1316 (C-N), 650 
(C-S), 1284 (CH3-) cm"'. 
3. Results and discussion 
3.1. Weight loss 
Figure 1(a) shows the variation of inhibition efficiency 
with inhibitor concentration. The inhibition efficiency 
was obtained from weight loss measurements at different 
thiadiazoles concentrations at 30 "C. The percentage 
inhibition efficiency (^IE) and surface coverage (9) were 
calculated using the equations: 
e,^Jj:2Jlll^m 
ro 
6 = (ro-r) 
'•0 
(1) 
(2) 
where r^ and r are the corrosion rates in the absence and 
presence of inhibitor, respectively. The inhibition effi-
ciency for rail the compounds increases with increase in 
concentration. The maximum e\2. of each compound 
was achieved at 100 ppm and a further increase in 
20 40 60 80 100 
Cone./ppm 
(c) 100 
ui 
40 50 60 
T«mp./*C 
70 1 2 T 
Acid Conc./M 
Fig. 1. Variation of inhibition effidency with (a) inhibitor concentration, (b) immersion time, (c) solution temperature, (d) acid concentration 
in 0.5 M H2SO4 (1: AT; 2: MAT; 3: EAT; 4: PAT). 
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Fig. 2. Adsorption isotherm plot for (a) log ( fl/1 - 0) vs. 1/r, (b) log (CV) vs. / /r , (c) log (CR\T) vs. / / r in I N H2SO4, (d) half-life plot for 
log (weight loss) vs. immersion lime in 0.5 M H2SO4 (1: AT; 2: MAT; 3: EAT; 4: PAT; 5: Blank). 
concentration did not cause any appreciable change in 
performance. 
The effect of immersion time on eye, is shown in 
Figure 1(b). e\% for all compounds decreases with 
increase in immersion time from 2 to 24 h- The decrease 
in inhibition efficiency with time may be attributed to 
various factors such as an increase in the cathodic or 
reaction rate or increase in the ferrous ion concentration 
[18]. The influence of temperature on e\^ is shown in 
Figure 1 (c). CIE increases with increase in temperature 
from 30 to 60 °C indicating that the inhibitor molecules 
are stable at higher temperatures. The variation of e\z 
with increase in acid concentration is shown in Fig-
ure 1(d); it is clear that eie shows no significant change 
with increase in acid concentration from 0.3 to l.S M 
H2SO4. 
The degree of surface coverage (0) for different 
inhibitor concentrations in 0.5 M H2SO4 at 30 °C over 
2 h immersion time was evaluated from weight loss 
values. The data were tested graphically by fitting to 
various isotherms. A plot of log (6/1-0) vs. l / r is shown 
in Figure 2(a). The plot gives the values for calculating 
the heat of adsorption ( 0 with a slope (-g/2.303/?). 
The values for the heat of adsorption are shown in 
Table 2. The values of heat of adsorption for all the 
inhibitors are less than (-40 kJ mol"'); this indicates 
physical adsorption [19]. 
It has been reported by a number of authors [20-22] 
that, in acid solution, the logarithm of the corrosion rate 
is a linear function of l/r(Arrhenius equation): 
Log (Rate) = 2.303/?r + v4 (3) 
where, £j is the apparent effective activation energy, R 
the general gas constant and A the Arrhenius pre-
exponential factor. A plot of log of corrosion rate 
Table 2. Thermodynamic activation parameters for mild steel in 0.5 M H2SO4 in absence and presence of inhibitors of 100 ppm concentration 
System 
0.5 M H2SO4 
AT 
MAT 
EAT 
PAT 
EJkJ 
57.33 
52.84 
51.44 
46.95 
38.23 
mop' -A///kJ 
57.40 
103.00 
60.90 
73.60 
47.85 
mol"' -AS/J mor 
197.59 
226.31 
228.23 
230.15 
235.89 
'K-' -AG^/kJ 
-
38.01 
38.87 
39.99 
42.23 
mor' -e /kJ mol"' 
-_ 
5.74 
11.43 
19.14 
38.2 
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obtained by weight loss measurement vs. IjT gave 
straight lines as shown in Figure (2b). The values of 
activation energy (£*) obtained from the slope of the 
lines are given in Table 2. An alternative formula for the 
Arrhenius equation is the transition state equation: 
Rate 
RT /A5<'\ / Mf\ (4) 
where, h is the Plank constant, N the Avogadro number, 
AS" the entropy of activation, and A//* the enthalpy of 
activation. A plot of log (CR/7) vs. 1/r should give a 
straight line, Figure (2c), with a slope of (-Afl"/2.303 R) 
and an intercept of [(log WNh) + (A5"/2.303 R)], from 
which the values of AS" and A//** were calculated; those 
are listed in Table 2. The data show that thermody-
namic activation functions (fj) of the corrosion in mild 
steel in 0.5 M H2SO4 solution in the presence of the 
inhibitors are lower than those in the free acid solution, 
indicating that all the inhibitors exhibit high CIE at 
elevated temperatures [23]. Such inhibitors are bound to 
the surface by specific adsorption forces or by chemi-
sorption as a result of which a surface film of reaction 
product is formed [19]. The chemisorption process in 
the film formation with a strong attractive force is likely 
to be exothermic resulting in lowering of the activation 
energy [24]. The result of A ^ (Table 2) is in the order 
AT > EAT > MAT > PAT which is indicative of the 
order of energy barrier at elevated temperature [23]. 
The values of activation AS" in the absence and 
presence of the inhibitors are large and negative. This 
indicates that the activated complex in the rate deter-
mining step represents an association rather than a 
dissociation step, meaning that a decrease in disordering 
takes place on going from reactants to the activated 
complex [25]. The average value for free energy of 
adsorption (A(/adi)> calculated using the following 
equations [26] are given in Table 2. 
AC?ad5 = -^7'ln(55.5K) (5) 
and K is given by; 
K=e/C(l-d) (6) 
where, 6 is degree of coverage on the metal surface, C is 
concentration of inhibitor in mol P ' , K is equilibrium 
constant, /{is the gas constant and T is temperature. It 
is found that the AG'ads values fo^ all the compound at 
higher temperature is more than -40 kJ mol"' indicating 
1 1.39 1.69 l .«7 2 
L09 I C / p p m ) 
Fig. 3. Langmuir's adsorption isotherm plot for the adsorption of 
various inhibitors in 0.5 M H2SO4 (1: AT; 2: MAT; 3: EAT; 4: 
PAT)-
that the thiadiazoles are chemically adsorbed on the 
metal surface [27]. 
The low and negative value of AGads indicate 
spontaneous adsorption of inhibitor on the surface of 
mild steel [28]. It was also found that value of 
activation energy of the inhibited systems were lower 
that! that of the uninhibited system. Putilova [23] has 
indicated that this type of inhibitor is effective at 
higher temperatures. 
The plot of log (weight loss) vs. immersion time Figure 
(2d), gave a straight line indicating that the reaction 
is first order reaction. The value of the rate constant 
was calculated using the first order rate law [29]. 
(7) 
where [^ o^] is the initial mass of the metal and [A] is the 
mass corresponding to time t. The half-life (/1/2) values 
were calculated using equation [30]. 
ti/2 = 0.693/A: (8) 
and weight loss is expressed in grams. 
The values of rate constants and half-life (/1/2) 
obtained from the above relations are summarized in 
Table 3. Half-life values were found to be constant at 
different immersion times. The order of effectiveness of 
inhibitors were observed as PAT > EAT > MAT > AT in 
0.5 M H2SO4. The constant values of rate constant 
further confirmed that the corrosion of mild steel in 
0.5 M H2SO4 in presence of different inhibitors follows 
first order kinetics. 
Table 3. First order rate constant and Half-life values in hours (h) for 
the corrosion of mild steel in 0.5 M H2SO4 in absence and presence of 
inhibitors of 100 ppm concentration at 30 °C 
Table 4. Electrochemical polarization parameters for the corrosion of 
mild steel in 0.5 M H2SO4 containing 100 ppm inhibitors at 30 °C 
System 0.5 M H2SO4 
System 
0.5 M H2SO4 
AT 
MAT 
EAT 
PAT 
1 0 " ^ 
4.960 ±0.126 
6.726±0.321 
5.400 ±0.294 
3.527 ±0.241 
3.073 ±0.133 
'1/2 
13.871 
103.03 
128.33 
196.48 
225.51 
0.5 M 
AT 
MAT 
EAT 
PAT 
H2SO4 
fcorr/mV 
-533.00 
-513.00 
-537.00 
-547.00 
-530.00 
/corr/mA 
0.360 
0.100 
0.095 
0.040 
0.029 
e,E/% 
_ 
72.22 
73.61 
88.89 
91.94 
543 
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Fig. 4. Potentiodynamic polarization curves for mild steel in 0.5 M H2SO4 (I: Blank; 2: AT; 3: MAT; 4: EAT; 5: PAT). 
3.2. Adsorption isotherm 
The mechanism of corrosion inhibition may be ex-
plained on the basis of adsorption behavior [31]. The 
degrees of surface coverage (9) for different inhibitor 
concentrations were evaluated from weight-loss data. 
Data were tested graphically by fitting to various 
isotherms. A plot of log B/(l-6) vs. log C shows a 
straight line (Figure 3) indicating that adsorption fol-
lows the Langmuir isotherm. 
0/(1 - 0) = kCexpi-G^/RT) (9) 
where Gads is the free energy of adsorption and C is the 
inhibitor concentration. 
3.3. Potentiodynamic polarization 
The cathodic and anodic polarization curves of mild 
steel in 0.5 M H2SO4 in the absence and presence of 
different inhibitors at 100 ppm concentration at 
28±2°C are shown in Figure 4. Electrochemical 
parameters such as corrosion current density (Icon), 
corrosion potential (fcorr) and ^IE were calculated from 
Tafel plots and are given in Table 4. A maximimi 
decrease in Icon was observed for PAT. £cort values 
show that all these compounds are mixed type inhibitors 
in sulfuric acid. 
3.4. Mechanism of corrosion inhibition 
Inhibition of mild steel corrosion in acidic solutions by 
thiadiazoles can be explained on the basis of adsorp-
tion. These compounds inhibit corrosion by control-
ling both the anodic and cathodic reactions. In acidic 
solutions the compounds exist as protonated species. 
These protonated species adsorb on the cathodic sites 
through the 7t-eIectrons of the aromatic ring and the 
lone pair of electrons of nitrogen and sulfur atoms 
[31]. 
Among the compounds investigated, the order of CIE 
is: 
PAT> EAT> MAT> AT 
(C3) (C2) (C.) iff) 
The presence of the propyl group in PAT increases the 
density of electrons on the sulfur and nitrogen atoms 
caused by resonance effects, which facilitate stronger 
adsorption of PAT on the mild steel surface. This leads 
to higher eiE of PAT than EAT compared with MAT 
and AT. The ei^ decreases with decrease in the number 
of carbon atoms as a consequence of the decrease in the 
electron density on the nitrogen and sulfur atoms. 
4. Conclusions 
(i) All the thiadiazoles acted as efHcient corrosion 
inhibitors up to 1.5 M H2SO4, 
(ii) All the compounds inhibited corrosion of mild 
steel by adsorption, 
(iii) Adsorption of thiadiazoles on the mild steel 
surface in H2SO4 solution obeyed Langmuir's 
adsorption isotherm, and 
(iv) All the compounds examined acted as mixed 
type inhibitors in 0.5 M H2SO4. 
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Abstract 2-Pentadecyl-l,3-imidazoline (PDI), 2-Unde-
cyl-l,3-imidazoline (UDI), 2-Heptadecyl-l,3-imidazoline 
(HDI), 2-Nonyl-l,3-iinidazoline (NI) were synthesized and 
characterized by FT-IR and NMR Studies. The corrosion 
inhibition properties of these compounds on aluminium in 
1 M HCl and 0.5 M H2SO4 were investigated by weight 
loss, potentiodynamic polarization, electrochemical 
impedance and scanning electron microscopic techniques. 
The weight loss study showed that the inhibition efficiency 
increases with increase in the concentration of the inhibitor 
and was found to be inversely related to time and tem-
perature while it shows no significant change with increase 
in acid concentration. The effectiveness of these inhibitors 
were in the order of UDI > NI > PDI > HDI .The values 
of activation enei^y, free energy of adsorption, heat of 
adsorption, enthalpy of activation and entropy of activation 
were also calculated to elaborate the mechanism of cor-
rosion inhibition. The adsorption of these compounds on 
aluminium surface follows the Langmuir adsorption 
isotherm. The potentiodynamic polarization data show that 
the compounds studied are mixed type inhibitors. Elec-
trochemical impedance was used to investigate the 
mechanism of corrosion inhibition. The surface character-
istics of inhibited and uninhibited metal samples were 
investigated by scanning electron microscopy (SEM). 
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I Introduction 
Aluminium has a great economic and industrial importance 
owing to its low cost, light weight and high thermal and 
electrical conductivity. An important feature of aluminium 
is its corrosion resistance due to the formation of a pro-
tective film on its surface upon exposure to the atmosphere 
or aqueous solutions [1-3]. Hydrochloric and sulphuric 
acid solutions are used for pickling of aluminium or for its 
chemical or electrochemical etching. It is very important to 
add a corrosion inhibitor to decrease the rate of aluminium 
dissolution in such solutions. The corrosion inhibition of 
aluminium in acid medium has been reported recently by 
using hydrazone [4], anionic surfactants [5] and amino acid 
[6] as inhibitors. 
Imidazoline compounds are reported to show corrosion 
resistant behaviour on copper [7, 8] and mild steel [9]. 
However no substantial information is available on alu-
minium in acid medium by imidazoline derivatives as 
corrosion inhibitors. Thus, it was thought worthwhile to 
study the corrosion inhibition behaviour of newly synthe-
sized imidazoline derivatives namely, 2-Nonyl-l,3-
imidazoline (NI), 2-Undecyl-l,3-imidazoline (UDI), 
2-Pentadecyl-l,3-imidazoline (PDI), 2-Heptadecyl-l,3-im-
idazoline (HDI) on aluminium in acidic medium. These 
compounds were derived from the respective fatty acids 
viz., capric, lauric, palmitic and stearic acid, with a view to 
establish their corrosion inhibition efficiencies along 
with the mechanism involved in their adsorption 
phenomenon. 
^ Springer 
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2 Experimental details 
Cold rolled aluminium strips of size 2 cm x 2.5 cm x 
0.025 cm were used for weight loss measurements. For 
potentiodynamic polarization studies, aluminium strips 
coated with lacquer with an exposed area of 1 cm^ were 
used. Electrodes were polished with emery papers of 1/0,2/ 
0,3/0 and 4/0 grade and degreased with trichloroethylene. 
HCl and H2SO4 (MERCK) used for preparing solutions 
were of AR grade. Double distilled water was used to 
prepare solutions of 1 M HCl and 0.5 M H2SO4. The fatty 
acid imidazolines were synthesized as described by Hof-
mann [10] and the purity of the compounds was checked by 
TLC. Tlie molecular structures and other details of these 
compounds are given in Table 1. 
3hr 
FJi * s o d , 
(O.IM) (0.1 M) Rcoa 
Ethylene diamijie 
4hr 
I 
H 
R 
2-Iniidazoline derivative 
WheieR > DHjC-KCH))-
2)H,C-(CH)„-
3 ) H J C - ( C H ) „ -
4)HjC-(CH),ff-
Scheme 1 Synthesis of imidazoline derivatives 
2.2 FT-IR spectroscopy 
FT-IR spectra of imidazoline derivative were obtained in 
KBr with Fourier transform spectrometer (Interspec 2020, 
UK), for the detection of various functional groups 
present in these inhibitors. FT-IR values are given in 
cm"'. 
2.1 Synthesis of imidazoline derivatives 
An appropriate amount of respective fatty acid (0.1 M) was 
dissolved in 50 ml absolute alcohol and treated with thio-
nyl chloride (0.1 M). The mixture was refluxed for 3 h. 
The reaction product was then treated with ethylene 
diamine (6 ml) and was further refluxed for another 4 h. 
After the completion of the reaction, the solution was 
filtered, washed with water, dried and then crystallized in 
ethanol (Scheme 1). 
2.3 NMR spectroscopy 
*H-NMR spectra run in CDCI3 on a Bruker spectrospin 
300 mHz spectrometer with TMS (Me4Si) as the internal 
standard and its values are given in ppm (5). The chemical 
shift was recorded relative to TMS assigned at zero. NMR 
helps in analyzing the type of protons attached to different 
groups of the inhibitors used. 
Table 1 Name, stnictare and molecular weights of the compounds used 
S.No Structure Name and abbreviation Relative, mol. weight 
l^ /'*^-(CH2)g— CH3 
2-Nonyl-l,3-imidazoline (NI) 248 
cx j^/^(CH2)io-CH3 2-Undecyl-1.3-imidazoline (UDI) 
276 
CX j^ ^CH2)i4-CH3 2-Pentadecyl-l,3-imidazoline (PDI) 
332 
2-Heptadecyl-l,3-imidazoline (HDI) 360 
(CH2)TgCH3 
Springer 
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2.4 Weight loss 
A number of experiments were performed with varying 
concentrations of imidazoline derivatives for the weight 
loss of aluminium as per the ASTM method described 
previously [11]. The inhibition efficiency of these inhibi-
tors was calculated using the following Equation: 
CR„ (1) 
where 
CRo = Corrosion rate in blank hydrochloric and sul-
phuric acid 
CRj = Corrosion rate after adding inhibitors. 
The values of R, and Cji were obtained using Nyquist 
plots [13]. The %IE was calculated using the equation [14]: 
IE% = 1/Ro - 1/R. 
1/R.o 
X 100 (3) 
where R, and Rto are the charge transfer resistance with and 
without inhibitor, respectively. 
The impedance diagrams are not perfect semicircles and 
this difference has been attributed to frequency dispersion 
[15]. All the measurements were carried out using a Zahner 
IM-6 electrochemical workstation at 30 ± 2 "C, in the 
frequency range 5-100 kHz at Econ- for aluminium in 1 M 
HCl at different inhibitor concentration. 
2.7 Scanning electron microscopy 
2.5 Potentiodynamic polarization 
Potentiodynamic polarization studies were carried out 
using an EG and G Princeton A[^lied research (PAR) 
potentiostat/galvanostat (model 173), a universal pro-
grammer (model 175) and a X-Y recorder (model 
RE0089). A platinum foil was used as auxiliary electrode 
and a saturated calomel electrode (SCE) as reference for 
the potentiodynamic polarization studies. The CR was 
calculated using the equation [12], 
CR = 
0.13 X IccrXEW (2) 
where, 
Icorr = CorjTosion current density in jiA cm~^. 
EW = Equivalent weight of the metal in gram. 
D = Density of the metal in gcm~^. 
2.6 Electrochemical impedance studies 
The electrical equivalent circuit for the system is shown in 
Fig. 1. 
Cdi 
R. 
W 
Fig. 1 Electrical equivalent circuit for the system (R, = solution 
resistance, R, = charge transfer resistance, C^ i = double layer capac-
itance, W = Warburg impedance) 
A scanning electron microscope (SEM) [Model No 435 VP 
LEO] was used to study tfie morphology of the corroded 
surface in the presence and absence of inhibitors. The 
specimens were thoroughly washed with Rouble distilled 
water before examination. To understand the morphology 
of the aluminium surface in the absence and presence of 
inhibitors, the following cases were examined. 
(i) Polished aluminium specimen 
(ii) Aluminium specimen dipped in 1 M HCl 
(iii) Aluminium specimen dipped in 1 M HCl containing 
500 ppm of UDI inhibitor. 
3 Results and discussion 
The structure elucidation was established by the results 
obtained from IR and NMR studies as under: 
3.1 FT-IR spectroscopy 
The FT-IR spectroscopic study was used to investigate the 
purity of the syndiesized compound. The results are listed 
below: 
(i) NI—IR (KBr): 1648 (C=N), 1352 (C-N), 2924 (C-H), 
3146 (N-H), 1172(CH3)cm-'. 
(ii) UDI—IR (KBr) 1647 (C=N), 1323 (C-N). 2852 
(C-H). 3257 (N-H). 1166 (CHj) cm"', 
(iii) PDI,—IR (KBr): 1640(C=N), 1463 (C-N). 2845 
(C-H). 3290 (N-H), 1164 (CHj) cm"', 
(iv) HDI IR (KBr): 1665 (C=N), 1372 (C-N), 2845 
(C-H), 2921 (N-H), 1250 (CHj) cm -1 
3.2 NMR spectroscopy 
NMR spectral data (^DClj) 
UDI—7.350 (IH, NH), 1.936 (20H (CH2),o). 1.253 (3H, 
CH3), 2.006 (4H, (CH2)2) 
^ Springer 
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3.3 Weight loss 
The imidazoline compounds inhibited corrosion rate of 
aluminium in both 1 M HCl and 0.5 M H2SO4 at all con-
centrations under study. Inhibition efficiency increases 
with increase in inhibitor concentration from 25 to 
700 ppm (Figs. 2a and 3a). The maximum inhibition effi-
ciency was achieved at 500 ppm and a further increase in 
inhibitor concentration caused no appreciable change in 
performance. The effect of immersion time on inhibition 
efficiency is shown in Ftgs. 2b and 3b. All the tested 
imidazoline show a decrease in inhibition efficiency with 
increase in inmiersion time fh>m 2 to 24 h. This indicates 
de-soiption of the fatty acid imidazoline over a longer test 
period and may be attributed to various other factors such 
as increase in cathodic reaction or increase in ferrous ion 
concentration [16]. The influence of solution temperature 
on inhibition efficiency is shown in Figs. 2c and 3c. The 
inhibition efficiency for all the imidazolines decreases with 
increase in temperature from 30 to 60°C. The decrease in 
inhibiticMi efficiency with rise in temperature may be 
attributed to desorption of inhibitor molecules at higher 
temperatures. From Figs. 2d and 3d, it is evident that 
increase in acid concentration from 1 to 3 M HCl and 0.5 
to 1.5 M H2SO4 did not cause significant change in the e^ 
values, thereby suggesting that all the compounds are 
effective corrosion inhibitors in acid solutions over this 
concentration range [17]. 
The degree of surface coverage (6) for different inhibitor 
concentrations in 1 M HCl and 0.5 M H2SO4 at SO^ C after 
2-h immersion time was evaluated from weight loss values. 
The data were tested graphically by fitting to various iso-
therms. A plot of log {d/l-d) versus 1/T is shown in 
Figs. 4a and 5a. The heats of adsorption (Q) was calculated 
from the slope (-Q/2.303R) of the plot and are given in 
Table 2. The values of heat of adsorption (<-40 kJ moP') 
suggest physical adsorption [18]. 
A number of audiors [19-21] have reported that, in acid 
solution, the logarithm of the corrosion rate is a linear 
function of l/T (Anhenius equation): 
''^^'''^=2^ + A (4) 
Fig. 2 Variation of inhibition 
efficiency with (a) inhibitor 
concentration, (b) immersion 
time, (c) solution temperature, 
(d) acid concentration in 1 M 
HCl (1: UDI; 2: NI; 3: PDI; 4: 
HDD 
I.Q 50 
Ttmp./«C 
1 15 
Acid Conc-/M 
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Fig. 3 Variation of inhibition 
efficiency with (a) inhibitor 
concentration, (b) immersion 
time, (c) solution temperature, 
(d) acid concentration in 0.5 M 
H2S04(1:UDI;2:NI;3:PDI; 
4:HDI) 
(a) (b) 
;! 
100 
90 
80 
70 
60 
0 SO 100 300 SOO 700 
Conc/ppm 
J I I L^ 
2 ( 6 8 
Timt/h 
2t 
Temp./«»C 
Q5 a75 1 
Acid ConcyM 
where, Ej is the apparent effective activation energy, R is 
the gas constant and A is the Arrhenius pre exponential 
factor. Plots of logarithm of corrosion rate obtained by 
weight loss measurement versus IfT gave straight lines as 
shown in Figs. 4b and 5b. 
The thermodynamic parameters (Table 2) show that the 
values of the activation energy E i^s higher for inhibited 
system as compared to the uninhibited system (Blank). The 
inhibition efficiency follows the order: UDI > NI > 
PDI > HDI. From the values of thermodynamic parame-
ters, it is observed that the inhibitors are effective at lower 
temperatures [22]. 
An alternative formula for the Arrhenius equation is the 
transition state equation: 
RT /JS° \ / AH°\ 
'^'^=Nh"Pi"R"J"'rRTJ (5) 
where, h is the Plank constant, N is the Avogadro number, 
AS° is standard entropy change and AH° is the standard 
enthalpy change. A plot of log (CR/T) versus 1/T gave a 
straight line, (Figs. 4c and 5c) with a slope of (-AH°/2.303 
R) and an intercept of [(log (R/Nh) + (AS°/2.303 R)], from 
which the values of AS° and AH° were calculated. The 
values of standard enthalpy change, AH° (Table 2) follow 
the order UDI > NI > PDI > HDI for various imidazoline 
inhibitors [22]. The entropy change, AS° in the absence and 
presence of inhibitors is large and negative indicating that 
the activated complex in the rate determining step repre-
sents an association rather than a dissociation step. Thus a 
greater degree of orderliness appears during its transfor-
mation from reactant to activated complex [23]. 
The free energy of adsorption (A Gads), was calculated 
by using the following equations [24] and the values are 
given in Table 2. 
/IGad. = - RT In (55.5 K) 
where the equilibrium constant is 
K = e /C(l - 9 ) 
(6) 
(7) 
where 9 is degree of coverage and C is inhibitor concen-
tration in mol r ' . The low and negative value of AGads 
indicate spontaneous physical adsorption [25]. 
^ Springer 
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Fig. 4 Plots of (a) log (On-ff) 
vs. m; (b) log (CR) vsA/T; (c) 
log (CR/T) vs. 1/T; and (d) log 
(weight loss) versus immersion 
time in 1 M HCl (1: UDI; 2: NI; 
3: PDI; 4: HDI; 5: Blank) 
(a) 
I 
o 
(c) 
o 
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2.5 
2X) 
1.5 
%0 
0.5 
- K — 
-
" 
X X 
,. . 1 ._ J — 
— * ^ 
" " " ^ 4 
" ^ ^ ^ 
^ ^ 1 
' 
CC^IX IO^^ /K - ' ' 
3.0 3.1 3.2 3.3 
C(7)xio-'V<"^ 
3.0 3.1 X2 3.3 
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Fig. 5 Plots of (a) log (en-ff) 
vs. l/T; (b) log (CR) vs. 1/T; (c) 
log (CR/T) vs. 1/T; and (d) log 
(weight loss) vs. immersion 
time in 0.5 M H2SO4 (1; UDI; 
2: NI; 3: PDI; 4: HDI; 5:Blank) 
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Table 2 Thermodynamic 
activation parameters for 
dissolution of altuninium in 1 M 
HCI and 0.5 M H2S04 in 
absence and presence of 
SOO-ppm inhibitor 
System E.(kJmor')-AH(kJraor') -AS (J mor'K"') -AG^ (kJ mol"') -Q (kJ moP') 
I M H Q 
UDI 
NI 
PDI 
HDI 
0.5 M H2SO4 
UDI 
NI 
PDI 
HDI 
951 
67.02 
60.03 
57.44 
47.86 
12.76 
25.53 
31.89 
35.10 
25.53 
22.34 
76.58 
60.63 
31.91 
25.53 
9.57 
31.91 
28.72 
22.33 
19.15 
189.94 
210.70 
207.17 
205.26 
199.51 
194.7 
207.17 
204.94 
198.56 
201.43 
-
35.18 
33.12 
32.59 
31.52 
-
32.32 
31.20 
30.89 
30.48 
-
38.29 
35.10 
31.90 
28.72 
-
26.17 
25.53 
24.25 
22.97 
The rate of dissolution of metal in tlie presence and 
absence of inhibitors in acidic solution was studied by 
observing the weight loss at various times. The reaction 
was followed up to 90% of the dissolution of the metal. A 
straight-line plot (Figs. 4d and 5d) was obtained for log 
(weight loss) versus immersion time indicating that disso-
lution follows first order kinetics. 
The values of the rate constant were calculated using the 
following first order rate law [26]. 
k = 2.303 (8) 
where [Ao] is the initial mass of the metal and [A] is the 
mass corresponding to time t. The half-life (ti/2) value was 
calculated [27] using the following relationship: 
11/2 = 0.693/k (9) 
The values of rate constants and half-life periods 
obtained are summarized in Table 3. The value of rate 
constant (k) was found to be higher in the case of inhibited 
metal samples than few uninhibited samples. The corrosion 
rate is higher in the absence of inhibitors than with inhib-
ited aluminium samples. Half-life values provide 
information regarding the rate of dissolution of coated and 
uncoated samples. The half-life periods in the presence of 
various inhibitors are in the order UDI > NI > PDI > HDI. 
The blank sample has the lowest tm value. 
3.4 Application of adsorption isotherm 
The mechanism of corrosion inhibition may be explained 
on the basis of adsorption of imidazoline compounds [28]. 
The degrees of surface coverage (0) for different inhibitor 
concentrations were evaluated from weight-loss data. Data 
were tested graphically by fitting to various isotherms. A 
plot of log [6/(1—0)] vs. log C shows a straight line 
(Fig. 6a, b) indicating that adsorption in both the acids 
follows the Langmuir isotherm. 
e /(I - e ) = k C exp ( - Gads/RT) (10) 
where Gads is the free energy of adsorption and C is the 
inhibitor concentration. 
Table 3 The values of first order rate constant and half-life period for 
the dissolution of aluminium 
System 
1 MHCI 
UDI 
NI 
PDI 
HDI 
0.5 M H2SO4 
UDI 
NI 
PDI 
HDI 
10-^ k (h"') 
22 .6^± 0.227 
0.641 ± 0.089 
0.789 ± 0.104 
1.660 ± 0.021 
2.702 ± 0.038 
14.7 ± 0.184 
1.156 ±0.013 
1.659 ± 0.019 
2.060 ± 0.024 
2.370 ± 0.282 
ti/2(h) 
3.06 
108.11 
87.84 
41.75 
25.64 
4.71 
59.95 
41.77 
33.64 
29.24 
Reaction condition: [inhibitor] = 500 ppm, Temperahine = 30 °C 
3.S Potentiodynamic polarization studies 
The cathodic and anodic polarization curves of aluminium 
in 1 M HCI and 0.5 M H2SO4 in the absence and presence 
of different inhibitors at S(X)-ppm concentration at 
28 ± 2°C are shown in (Rg. 7a and b). Electrochemical 
parameters such as corrosion current density (lcon)r cor-
rosion potential (Econ). Tafel constants, b. and be, and % 
inhibition efficiency were calculated firom Tafel plots and 
are given in Table 4. It is observed that the presence of 
inhibitor lowers Icon- Maximum decrease in Icon values 
was observed for UDI indicating that this is the most 
effective corrosion inhibitor among the studied imidazo-
line compounds, a trend obtained in conformity with 
weight loss data. It is also observed from Table 4 that Econ 
values and Tafel slope constants b, and be do not change 
^ Springer 
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Fig. 6 Langmuir's adsorption isothenn plots for log [0/( 1 -ff)] versus 
log C for the adsorption of various inhibitors on the surface of 
alominium in (a) I M HCl (b) 0.5M H2SO4 (1: UDI; 2: NI: 3: PDf; 4: 
HDO 
significantly in inhibited solution as compared to uninhib-
ited solution. The imidazoline derivatives do not shift the 
Ecocr values significantly, suggesting that they behave as 
mixed type inhibitors [29]. 
3.6 Electrochemical impedance study 
The Impedance diagram obtained for aluminium in 1 M 
HCl is shown in Rg. 8 and the values of R,, Cdiand %IE 
are given in Table 5. Values of R, increases with increase 
in inhibitor concentration and this is, in turn, leads to an 
increase in the I.E [30]. A decrease in Cji was observed 
with addition of 1 M HCl, suggesting that inhibition can be 
attributed to surface adsorption [31]. 
3.7 Scanning electron microscopy 
Scanning electron microscopy of the metal samples of 
inhibited and uninhibited metal samples is presented in 
Fig. 9. The SEM study shows that the inhibited metal 
surface is found smoother than the uninhibited surface. 
3.8 Mechanism of corrosion inhibition 
In acidic solutions imidazoline compounds exist in pro-
tonated form. These protonated species are adsorbed on the 
cathodic sites through the Ti-electrons and lone pair elec-
trons of nitrogen atoms of the imidazoline ring [28]. The 
observed order of e^ (UDI > NI > PDI > HDI) can be 
explained on the basis of the nature of binding of the 
imidazoline ring to the metal surface and the length of the 
alkyl chain. 
The binding of the imidazole ring to the metal surface 
can be presented by the diagram of Fig. 10. With the 
increase in chain length of the alkyl group (i.e. molecular 
weight), the number of imidazoline rings decreases in 
5(X) ppm inhibitor concentration and therefore, CIE 
decreases. The decrease in CIE of NI may be due to its being 
least hydrophobic among the tested imidazolines and 
having less tendency to adsorb. 
Therefore, UDI having (Ci 1) in its alkyl group has the 
highest adsorption to the metal surface. However the lower 
adsorption of PDI (dj) and HDI (C\j) seems to be due to 
steric hindrance posed by the bulky alkyl groups in their 
adsorption phenomenon [32]. 
4 Conclusions 
(1) The fatty acid imidazolines showed very good cor-
rosion inhibiting behaviour for aluminium in both 
1 M HCl and 0.5 M H2SO4 and follow the order 
UDI> NI > PDI > HDI. 
(2) In weight loss studies, the eiE of all imidazoline 
derivatives increase with increases in inhibitor con-
centration, whereas it decreases with increase in 
immersion time and temperature and shows no 
significant change with increase in acid concentration. 
(3) Inhibition of aluminium surfaces in acid solutions is 
characterized by an adsorption mechanism which 
follows the Langmuir isotherm. 
(4) All the compound studied behave as mixed-type 
inhibitors in both 1 M HCl and 0.5 M H2SO4. 
(5) The Electrochemical study shows that the application 
of UDI, NI, PDI, HDI as inhibitors significantly 
increases R, values and decreases Ca\ values in 1 M 
HCl, suggesting that corrosion inhibition takes place 
by adsorption. 
(6) Scanning Electron Microscopy shows a smoother 
surface for inhibited metal samples than uninhibited 
samples due to the formation of film like deposits on 
the inhibited surfaces. 
^ Springer 
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Fig. 7 Potentiodynamic 
polarization curves for 
aluminium containing 500-ppm 
imidazolines in (a) 1 M HCl (b) 
OJ M H2SO4 (1: Blank; 2: HDI; 
3: PDI; 4: Ml; 5: UDI) 
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System 
I M H Q 
Blank 
UDI 500 
NI500 
PDI 500 
HDI 500 
0.5 M H2SO4 
Blank 
UDI 500 
NI500 
PDI 500 
HDI 500 
Eco«(mV) 
-902 
-898 
-893 
-890 
-888 
-890 
-884 
-879 
-880 
-875 
IcrCinAcm ) 
4.490 
0.089 
0.106 
0.184 
0.303 
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0.320 
0.479 
0.681 
0.826 
C I B W 
-
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-
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Fig. 8 Electrochemical impedance diagram (Nyquist plot) for alu-
minium in 1 M HCI in the absence and presence of UDI at different 
concentrations (liBlank; 2: 25 ppm; 3: 100 ppm; 4: 500 ppm) 
y-y^^-X^^^y'~7^~y' 
h 
Aluminium Surface 
Fig. 10 Diagram showing corrosion inhibition of aluminium by 
imidazolines 
Table 5 Electrochemical impedance parameters for the corrosion of 
aluminium in 1 M HCI containing different concentrations of UDI at 
30 °C 
System 
1 MHCl 
UDI 
25 
100 
500 
R, (kn cm") 
16.23 
18.36 
93.65 
247.03 
Qi (F cm^^) 
4.51 
3.52 
0.74 
0.29 
e,E (%) 
-
70.19 
82.67 
93.43 
2 
3 
4 
5 
6 
7 
8 
EHT=15.00 kV 
3pn ' ' 
-- 13 m. Mag= 2.88 K > 
Fhoto No.=22 Detector= SEl 
£111=15.00 kU 
Tan ' ' 
m= 13 MB 
Photo No. =8 
Mag- 2,08 K X 
Detector= SEl 
Fig. 9 Scanning electron micrographs of Polished aluminium (b) 
After dipping aluminium in 1 M HCI for 2 h (c) After dipping 
aluminium in 1 M HCI for 2 h containing 500 ppm UDI 
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Abstract 
2-amino-l, 3, 4-thiadiazoles (AT), 2-amino-5-methyl-l, 3, 4-thiadiazoIes (AMT), 2-
amino-5-ethyl -1, 3, 4-thiadia2oles (AET) and 2-amino-5-propyl -1, 3, 4-thiadiazoles 
(APT) were synthesized. FT-IR and NMR studies were done in order to confirm the 
composition of the synthesized inhibitors. These compounds were evaluated as 
inhibitors for mild steel in 20% formic acid and 20% acetic acid by weight loss, 
potentiodynamic polarization and electrochemical impedance techniques. Scanning 
electron microscopic study (SEM) was also used to investigate the surface morphology 
of inhibited and uninhibited metal samples. The inhibition efficiency of these 
compounds was found to vary with the inhibitor concentration, immersion time, 
temperature and acid concentration. The adsorption of these compounds on the steel 
surface from both acids were found to obey Langmuir's adsorption isotherm. These 
compounds are mixed type inhibitors in both acid solutions. Various thermodynamic 
parameters {E^, AGads, ^Q, A/f, A5, ///?) have also been calculated to investigate the 
mechanism of corrosion inhibition. Electrocheinical impedance study was used to 
investigate the mechanism of corrosion inhibition. 
Keywords: mild steel, potentiodynamic polarization, thiadiazoles, FT-IR spectroscopy, 
Langmuir adsorption isotherm, scanning electron microscopy. 
Introduction 
Corrosion studies on metals in organic acid solutions are scarce in comparison 
with similar studies in mineral acids [1-4]. The presence of reactive carboxyl 
group -COOH in organic acids makes them a basic building block for many 
compounds such as drugs, pharmaceuticals, plastics and fibers. 
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Few corrosion studies of these acids [5-8] have been made. However, at high 
temperatures, the acids can dissociate, forming more aggressive ions that can 
cause faster corrosion than might otherwise be expected. 
A variety of organic compounds containing heteroatoms such as O, N, S and 
multiple bonds in their molecule are of particular interest as they give better 
inhibition efficiency than those containing N or S alone [9-13], as lone pair of 
electrons present on heteroatoms are the important structural features that 
determine the adsorption of these molecules on the metal surface. 
The corrosion inhibiting behaviour of thiadiazoles on mild steel was reported in 
acidic media [14-17]. 
In the present investigation the influence of four thiadiazoles, namely, 2-amino-l, 
3, 4-thiadiazoles (AT), 2-amino-5-methyl-l, 3, 4-thiadiazoles (AMT), 2-amino-
5-ethyl -1, 3, 4-thiadiazoles (AET) and 2-amino-5-propyl -1, 3, 4-thiadiazoles 
(APT) on corrosion inhibition of mild steel in 20% formic acid and 20% acetic 
acid with the minimum corrosion rate [18], were undertaken with a view to 
establish their corrosion inhibition efficiencies along with the mechanism 
involved on their adsorption phenomenon. 
Experimental 
Material preparation 
AR grade formic and acetic acid (MERCK) and doubled distilled water were used 
for preparing test solutions of 20% formic acid and 20% acetic acid for all the 
experiments. The inhibitors were synthesized following a procedure described 
earlier [19] and compounds were characterized through their spectral data and 
their purity was confirmed by thin layer chromatography (TLC), FT-IR and NMR 
study. Name and structural formulas of the condensation products are given in 
Table 1. 
FT-IR spectroscopy 
FT-IR spectroscopic study was used to investigate the purity of the compound 
synthesized. The results are listed below: 
1. 2-amino-l, 3, 4-thiadiazoles (AT) - IR (KBr): 3348 (NH2), 1647 (C=N), 1311 
(C-N),600(C-S)cm-'. 
2. 2-amino-5 -methyl-1, 3, 4-thiadiazoles (AMT) - IR (KBr): 3321 (NH2), 1645 
(C=N), 1316 (C-N), 650 (C-S), 1284 (CH3-) cm"'. 
3. 2-amino-5-ethyl-l, 3, 4-thiadiazoles (AET) - IR (KBr): 3220 (NHj), 1642 
(C=N), 1316 (C-N), 653 (C-S), 1002 (CH3CH2-) cm"'. 
4. 2-amino-5-propyl-l, 3, 4-thiadiazoles (APT) - IR (KBr): 3044 (NH^), 
1653(C=N), 1285 (C-N), 657(C-S), 800 (CH3CH2CH2-) cm"'. 
NMR spectroscopy 
NMR spectral data (5CDCI3) 
2-aniino-5-propyl-l, 3, 4-thiadiazoles (APT) - 0.983 (3H, CH3), 2.008 (4H, 
(CH2)2), 2.816 (2H,NH2) 
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Table 1. Name and abbreviations of the compound used. 
S.No 
1 
2 
3 
4 
Structure 
N N 
N N 
N N 
H5C2'^S'"^NH2 
N N 
Designation and abbreviation 
2-amino-l, 3,4- thiadiazole, AT 
5-methyl-2- amino-1, 3, 4- thiadiazole, AMT 
5-ethyl-2-amino-J, 3,4- thiadiazole, AET 
5-propyl-2-amino-l, 3,4- thiadiazole, APT 
Weight loss measurement 
The mild steel samples having composition, (Wt %): 0.14% C, 0.35% Mn, 0.17% 
Si, 0.025% S, 0.03% P and balance Fe has been used for the experiment. Mild 
steel samples of size 2.0 cm x 2.0 cm x 0.025 cm were used for weight loss 
measurement studies. Weight loss measurement studies were carried out at 
various temperatures ranging from 30 to 60 "C for various immersion times from 
24 to 120 hrs. The experiments were performed as per ASTM method described 
previously [20]. The inhibition efficiency of the inhibitors was calculated by using 
the following equation: 
IE = {CJR^-CR.)XIOO/CRQ (1) 
where CR^ = corrosion rate of blank (formic and acetic acid) and CRj 
rate after adding inhibitors. 
corrosion 
Electrochemical studies 
For potentiodynamic polarization studies of mild steel, strips of the above 
composition, coated with commercially available lacquer with an exposed area of 
1.0 cm^ were used and the experiments were carried out at temperature (30 ± 1 
"C). Time taken to steady state potential values of the specimens was 30 minutes. 
Sweep rate in potentiodynamic experiment was 1 mV/sec. Potentiodynamic 
polarization studies were carried out using an EG «& G Princeton Applied 
Research (PAR) potentiostat / galvanostat (model 173), a universal programmer 
(model 175) and an X-Y recorder (model RE0089). A platinum foil was used as 
auxiliary electrode and a saturated calomel electrode (SCE) was used as reference 
electrode. 
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Electrochemical impedance studies 
The electrical equivalent circuit for the system is shown in the figure below: 
-dl 
Rt 
w 
Rs = solution resistance, R, = charge transfer resistance, W = Warburg 
impedance, Cj] = double layer capacitance. 
The values of R, and Cji were obtained using the Nyquist plot [21]. The %IE was 
calculated using equation [22]: 
IE%='-"*" 1/R. 
i/R. 
X 100 (2) 
where Rt and Rjo are the charge transfer resistance with and without inhibitor, 
respectively. 
The impedance diagrams are not perfect semicircles, and this difference has been 
attributed to frequency dispersion [23]. All the measurements were carried out 
using Zahner IM-6 electrochemical workstation at 30± 2 '^ C, at a frequency range 
of 5 Hz -100k Hz at Ecorr for mild steel in 20% formic acid at different inhibitor 
concentration. 
Scanning electron microscopy 
Scanning electron microscope (SEM) model No 435 VP LEO, was used to study 
the morphology of the corroded surface in the presence and absence of the 
inhibitors. After weight loss studies at 30 °C for 24 hours the specimens were 
thoroughly washed with double distilled water before examination. The 
photographs have been taken from that portion of specimen from where better 
information was obtained. They were photographed at appropriate magnifications 
(2500-3000 micron). To understand the morphology of the steel surface in 
absence and presence of the inhibitors, the following cases have been examined: 
i) polished mild steel specimen; 
ii) mild steel specimen dipped in 20% formic acid; 
iii) mild steel specimens dipped in 20% formic acid containing 500-ppm 
concentrations of APT inhibitors. 
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Results and discussion 
Weight loss measurements 
The values of percentage inhibition efficiency (%IE) and corrosion rate (CR) 
obtained from weight loss method at different concentrations at 30 °C are 
summarized in Table 2. All compounds inhibit corrosion of mild steel in formic 
and acetic acid solution, at all concentrations used in the study, i.e., 10 ppm - 100 
ppm. It has also been observed that the inhibition efficiency for all these 
compounds increases with the increase.in concentration, as shown in Fig. la and 
Fig. 2a. 
Table 2. Corrosion parameters for mild steel in aqueous solution of 20% formic acid and 
20% acetic acid in absence and presence of different concentrations of various inhibitors 
from weight loss measurements at 30 "C for 24 h. 
Inhibitor couc. 
(ppm) 
Blank 
AT 
JO 
25 
50 
75 
100 
.\MT 
10 
25 
50 
75 
100 
M.1 
10 
25 
50 
75 
100 
APT 
• 10 
25 
50 
75 
100 
20% fomiic acid 
Weight loss 
(uig) 
308.21 
J0S.04 
100.34 
S7.45 
69.20 
63.40 
89.68 
75.03 
60.85 
49.63 
46.09 
59.08 
57.J7 
47.93 
41.39 
39.52 
48.86 
42.93 
39.65 
30.26 
24.15 
; m 
(%) 
. 
64.95 
67.44 
71.62 
77.54 
79.42 
70.92 
75.65 
B0.26 
83.89 
85.05 
80.83 
SI.45 
84.44 
85.59 
87.18 
84.15 
86.07 
87.14 
90.18 
92.16 
CR 
(lumpy) 
34.10 
5.02 
4.66 
4.06 
3.21 
2.94 
4.16 
3.48 
2.82 
2,30 
2.14 
2.74 
2.65 
2.23 
1.92 
1.84 
2.27 
2.09 
1.84 
1.41 
1.12 
20% acetic acid 
Weight loss 
(mg) 
150.36 
58.43 
50.16 
42.20 
38.50 
31.40 
41.03 
36.95 
32.87 
29.04 
26.13 
38.65 
34.07 
27.53 
22.84 
19.60 
35.85 
30.12 
24.71 
19.52 
14.94 
IE CR 
(%) (nmipy) 
„ 
61.13 
66.64 
71.93 
74.39 
79.12 
72.71 
75.43 
78.14 
80.68 
82.62 
74.29 
77.34 
81.69 
84.80 
86.96 
76.15 
79.96 
83.56 
87.02 
90.06 
7.44 
2.7J 
2,33 
1,96 
1,79 
0.46 
1.91 
1.72 
1,53 
1.35 
1,21 
1,79 
1.58 
1.28 
1.06 
0.91 
1.66 
1.40 
1.15 
0.91 
0,69 
It is observed that the tested thiadiazoles show a decrease in the inhibition 
efficiency with immersion time from 24 to 120 hours in formic as well as in acetic 
acid. This shows the desorption of the adsorbed thiadiazoles over a longer test 
period. Inhibition efficiency of all the compounds against the immersion time is 
shown in Fig. lb and Fig. 2b. 
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20 AO SO 80 100 74 48 72 96 120 
Inhibitor concentrotion(ppm) Immersion itm«(hrs.) 
30 (0 50 60 10 20 30 
Solution ttfnptraturt ("^ ) Acid Cone. t%) 
Figure 1. Variation of the inhibition efficiency with (a) inhibitor concentration, (b) 
immersion time, (c) solution temperatxjre, (d) acid concentration in 20% formic acid (1: 
AT; 2: AMT; 3: AET; 4: APT). 
20 40 60 80 100 
Inhibitor conctntrotionlppm) 
24 48 72 9S 120 
Immtrsion tim« (hrs.) 
100 
30 40 SO 60 10 20 30 
Solution tampcrotur«(%) Acid Cone- {%) 
Figure 2. Variation of the inhibition efficiency with (a) inhibitor concentration, (b) 
immersion time, (c) solution temperature, (d) acid concentration in 20% acetic acid (1: 
AT; 2: AMT; 3: AET; 4: APT). 
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IE for compounds such as AT, AMT, AET and APT increases with temperature 
from 30 °C to 60 °C (Fig. Ic and Fig. 2c), indicating that the inhibitive film 
formed on the metal surface is protective up to 60 °C. From Fig. Id and Fig. 2d, it 
is clear that change in acid concentration from 10% to 30% did not cause any 
significant change in inhibition efficiency of all the compounds, thereby 
suggesting that all the compounds are effective corrosion inhibitors in acid 
solution at different concentrations. 
The degree of surface coverage (9) for different inhibitor concentrations in 20% 
formic acid and 20% acetic acid at 30 °C over 24-hour immersion time was 
evaluated from weight loss values. The data were tested graphically by fitting to 
various isotherms. A plot of log (0/1-0) versus 1/T is shovra in Fig. 3 a and Fig. 
4a. The plot gives the values of heat of adsorption (Q), which is determined from 
the slope (-Q/2.303R). The values of heat of adsorption are presented in Table 3. 
The values of heat of adsorption for the inhibitors in formic and acetic acid are 
found to be less than (-40 kJ mol''). This indicates that all the inhibitors are 
adsorbed physically [24]. 
a: 
3,0 3.1 i 7 X3 
Va 3.1 3.2 3J » 48 72 %% 
Immersion (imt Ihrs.) 
Figure 3. (a) Adsorption isotherm plot for log (9 /I- 0) versus 1/T; (b) adsorption 
isotherm plot for log (CR) versus 1/T; (c) adsorption isotherm plot for log (CR/T) 
versus 1/T; and (d) half-life plot for log (weight loss) versus immersion time in 20% 
formic acid (I: AT; 2: AMT; 3: AET; 4: APT; 5: Blank). 
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3.2 
C<-f >xio*3°K-'' 
3XJ 11 3.2 3.3 
SI' 
Cf ^JifiO^^'K-'' 
n 48 72 9C 
Immtrsion (imtihrs.) 
Figure 4. (a) Adsorption isotherm plot for log (9 /I- 9) versus 1/T; (b) adsorption 
isotiierm plot for log (CR) versus l/T; (c) adsorption isotherm plot for log (CR/T) 
versus 1/T; and (d) half-life plot for log (weight loss) versus immersion time in 20% 
acetic acid (I: AT; 2: AMT; 3: AET; 4: APT; 5: Blank). 
Table 3. Thermodynamic activation parameters for mild steel in 20% formic acid and 
20% acetic acid in absence and presence of inhibitors of 100-ppm concentration. 
Inhibitor cone. 
(ppm) 
20% formic acid 
AT 
AMT 
AET 
APT 
20% acetic acid 
AT 
AMT 
AET 
APT 1 
£a 
(KJ mof') 
31.91 
19.15 
12.76 
6.38 
3.19 
30.84 
V 25.53 
31.91 
38.29 
38.29 
-A// 
(KJ mol'') 
140.41 
25.52 
19.15 
6.38 
28.72 
102.12 
51.06 
41.49 
31.91 
25.53 1 
-AS" 
(J mor'K-') 
212.91 
229.18 
233.98 
237.89 
242.59 
214.83 
226.32 
229.19 
234.93 
239.72 
-AGads 
(KJ mof') 
— 
32.78 
34.08 
34.14 
37.08 
_ „ 
32.84 
33.67 
34.59 
35.83 
-Q 
(KJmoP') 
— 
19.15 
12.76 
6.38 
10.21 
__ 
9.57 
8.94 
2.68 
10.21 
It has been reported earlier [25-27] that, in acid solution, the logarithm of the 
corrosion rate is a linear function of 1/T (Arrhenius equation): 
log (rate) = -El 
2.203RT 
•+ A 
(3) 
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where, E^ a is the apparent activation energy, R the general gas constant and A the 
Arrhenius pre exponential factor. A plot of log (corrosion rate) versus 1/T gave 
straight lines as shov^n in Fig. 3b and Fig. 4b. The values of activation energy 
(E°) obtained from the slope of the plot are given in Table III. An alternative 
formula for the Arrhenius equation in the transition state is: 
RT fASM ( A//M 
rate = —exd exp (4) 
Nh \ R ) \ RT ) ^ ^ 
where, h is the Plank constant, N the Avogadro's number, AS° the entropy of 
activation, and AH" the enthalpy of activation. A plot of log (CR/T) versus 1/T 
gave a straight line, (Fig. 3c and Fig. 4c) with a slope of (-AH° /2.303 R) and an 
intercept of [(log (R / Nh) + .(AS7 2.303 R)], from which the values of AS° and 
AH° were calculated and are listed in Table III. The data show that the 
thermodynamic activation functions (E a^) of the corrosion in mild steel in 20% 
formic acid in the presence of the inhibitors are lower than those in the free acid 
solution, indicating that all the inhibitors exhibit high inhibition efficiency at 
elevated temperatures [28], while the (E°a) values in the presence of inhibitors in 
acetic acid are higher than those in the free acid solution, except for AT inhibitor, 
indicating that the inhibitors exhibit high inhibition efficiency at lower 
temperatures [28]. The values of AH° (Table III) are in the order AT > AMT > 
APT > AET in formic acid, while AT > AMT > AET > APT in acetic acid, 
which is an indicative of the order of energy barrier at elevated temperature [28]. 
The values of activation AS^ in the absence and presence of the inhibitors are 
large and negative. This indicates that the activated complex in the rate 
determining step represents an association rather than a dissociation step, 
meaning that a decrease in disordemess takes place during the course of 
transition from reactants to the activated complex [29]. The average values for 
free energy of adsorption (AGaus), calculated using the following equations [30] 
are given in Table III. 
AGads=-RTin(55.5K) (5) 
and K is given by: 
K = 0/C (1 - 0) (6) 
where, 6 is degree of coverage on the metal surface, C is the concentration of the 
inhibitor in mol 1'', K is the equilibrium constant, R is a gas constant and T is the 
temperature. It is found that the AGads values for the studied compound at higher 
temperature are less than -40 kJ mol"', indicating that the thiadiazoles are 
physically adsorbed on the metal surface [31], 
The low and negative value of AGgds indicates the spontaneous adsorption of the 
inhibitor on the surface of mild steel [32]. 
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The plot of log (weight loss) versus immersion time, as shown in Fig. 3d and Fig. 
4d, gave a straight line indicating that it follows first order reaction. The value of 
the rate constant is calculated by using the first order rate law [33] 
k=^Iogt^"^ (7) 
t [A] 
where [A„] is the initial mass of the metal and [A] is the mass corresponding to 
time t. The half-life (ti/2) values were calculated using the relationship [34] 
ti/2 = 0.693/k (8) 
The values of rate constants and half-life {X\a) obtained from the above relations 
are summarized in Table 4. Half-life values were found to be constant at different 
immersion times. The order of effectiveness of the inhibitors were observed as 
AET > APT > AMT > AT in 20% formic acid and APT > AET > AMT > AT in 
20% acetic acid. The constant values of rate constant further confirmed that the 
corrosion of mild steel in 20% formic acid and in 20% acetic acid in the presence 
of different inhibitors follows first order kinetics. 
Table 4. Half-life (h) values for the corrosion of mild steel at different immersion times 
in 20% formic acid and 20% acetic acid in absence and presence of inhibitors of 100-
ppm concentration at 30 °C. 
Inhibitor concentration 
(ppm) 
20% formic acid 
AT 
AMT 
AET 
APT 
20% acetic acid 
AT 
AMT 
AET 
APT 
klO'' 
1.28±0.0608 
2.49±0.0029 
1.9510.0024 
1.5910.0049 
1.7510.0035 
7.5710.0089 
J.64+0.0019 
1.3410.0021 
1.1710.0015 
0.7110.0011 
tl/2 
538.46 
278.87 
354.84 
436.12 
396.00 
91.49 
421.79 
516.01 
593.32 
975.64 
Application of the adsorption isotherm 
The mechanism of corrosion inhibition may be explained on the basis of 
adsorption behaviour of the inhibitors [35]. The degrees of surface coverage (9) 
for different inhibitor concentrations were evaluated from weight-loss data. Data 
were tested graphically by fitting to various isotherms, A plot of log 0/(1-0) vs. 
log C shows a straight line (Fig. 5a and 5 b) indicating that adsorption follows the 
Langmuir isotherm 
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e /(I - 9) = k C exp (- Gads/RT) (9) 
where Gads is the free energy of adsorption and C is the inhibitor concentration. 
1 125 1.5 1?S 2 1 1.2S 1.5 1.75 2 
LogC(ppm) LogC(ppm) 
Figure 5. Langmuir's adsorption isotherm plots for the adsorption of various inhibitors 
on the surface of mild steel: a) 20% formic acid, b) 20% acetic acid (I: AT; 2: AMT; 3: 
AET; 4: APT). 
Polarization measurements 
The cathodic and anodic polarization curves of mild steel in 20% formic and 
20% acetic acid in the absence and presence of different inhibitors at 100-ppm 
concentration and at 28 ± 2 °C are shown in Fig. 6a and 6 b. Electrochemical 
parameters such as corrosion current density (Icon), corrosion potential (Ecorr) and 
inhibition efficiency (IE) were calculated from Tafel plots and are given in Table 
5. A maximum decrease in (Icorr) was observed for APT. It is also observed from 
Table 5, that (jEcorr) values and Tafel slope constants b^ and b^ do not change 
significantly in inhibited solution as compared to uninhibited solution. It is seen 
from the results that thiadiazoles do not shift Ecorr values significantly, thereby 
suggesting that they are mixed type inhibitors. This type of behaviour has been 
observed for mild steel in acid solution containing 2-hydrazino-6-methyl-
benzothiazole [36]. 
Electrochemical impedance study 
Impedance diagram obtained for mild steel in 20% formic acid is shown in Fig. 7 
and the values of R,, Cui and % IE are given in Table 6. Values of R, increase with 
increasing the inhibitor concentration and this in turn leads to an increase in the 
I.E [37]. There is lowering of Cdi values by the addition of 20% formic aci^, 
suggesting that the inhibition can be attributed to the surface adsorption of the 
inhibitor on mild steel [38], 
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Table 5. Electrochemical polarization parameters for the corrosion of mild steel in 20% 
formic acid and 20% acetic acid containing 100 ppm inhibitors at 30 "C. 
f Inhibitor cone. 
(ppm) 
20% formic acid 
AT 
AMT 
AET 
APT 
20% acetic acid 
AT 
AMT 
AET 
APT 
t-con 
(mV) 
-416 
-420 
-418 
-425 
-408 
-404 
-385 
-390 
-412 
-407 1 
'corr 
(mA cm"^ ) 
0.350 
0.068 
0.054 
0.048 
0.026 
0.240 
0.052 
0.039 
0.034 
0.024 
IE 
(%) 
— 
80.57 
84.57 
86.28 
92.57 
78.33 
83.75 
85.83 
89.58 
Aa 
(mVdec-') 
68 
62 
60 
70 
56 
60 
52 
56 
54 
58 
be 
(mVdec-') 
104 
120 
104 
110 
102 
100 
92 
108 
102 
96 
aooi 
Cvmnldtnsity (mA <m*') 
10 
-wa 
w-WO 
J-tOO 
5-too 
t i 
£-•00 
-WO 
. 
-
• Z^ 
• 
-
16) 
= ^ ^ 
1 
. . ^ ^ = ^ 
^ 
y 
^ 
^ 
\ 
^^' 
yj^> 
^ ' 
\ , 
1 — 
0.001 001 01 
Currim 4*ntity tm* tm"') 
10 
Figure 6. Potentiodynamic polarization curves for mild steel containing 100 ppm 
concentrations of various thiadiazoles in: a) 20% formic acid, b) 20% acetic acid (1: 
Blank; 2:AT; 3: AMT; 4: AET; 5: APT). 
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Figure 7. Electrochemical impedance diagram (Nyqiiist plot) for mild steel in the 
absence and presence of various concentrations of APT in 20% formic acid (1: Blank; 
2:10 ppm; 3: 50 ppm; 4: 100 ppm). 
Table 6. Electrochemical impedance parameters for the corrosion of mild steel in 20% 
formic acid containing different concentrations of APT at 30 "C. 
C'oiiceutratiou 
(ppuii R, i<2cm- C,!i (|.iF cm' l E i ^ ' o j 
20'-'.J foiniic acid 
Blank 
APT 
10 
"^ 0 
100 
75.00 
3S?.06 
477 69 
[S62.09 
45.90 
3S.62 
31.47 
SO,47 
84.26 
Scanning electron microscopy 
SEM study (Fig. 8) shows that the inhibited metal surface is found to be 
smoother than uninhibited metal surface, because the inhibitor gets adsorbed by 
tightly binding on the metal surface, which shows less abrasion and coiTosion on 
mild steel surface as compared to uninhibited metal surface. 
Figure 8. Scanning electron micrographs for: a) polished mild steel, b) mild steel in 
20% formic acid, c) mild steel in 20% formic acid +100 ppm APT. 
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Mechanism of corrosion inhibition 
The corrosion of mild steel in non-aqueous and aqueous solution may occur in 
the following steps [39]: 
Fe+HCOO- • [Fe (HCOO)]ads + e- (10) 
[Fe (HCOO)] ads • [Fe (HCOO)]^  +6" (11) 
[Fe(HCOO)f+ H^  ^i=^ Fe^^+HCOOH (12) 
The evolution of hydrogen occurs due to the following cathodic reaction: 
Fe + HCOOH + e' • Fe Hads + HCOO " (13) 
Fe Hads + Fe Hads • H2+ Fe (14) 
The adsorption of formate ions on the surface of iron is a prerequisite for the 
anodic dissolution to occur, thus the rate of corrosion should depend on the 
concentration of formate ion in the solution. The conductance of formic acid 
solution gradually increases in concentration range from 5% - 20%. As a result, 
the extent of adsorption of formate ion, as well as the rate of forward step (10), 
increases and consequently the rate of corrosion also increases. 
The thiadiazoles inhibit the corrosion by controlling both the anodic and cathodic 
reactions. In acidic solutions these compounds exist as protonated species. These 
protonated species adsorb on the cathodic sites of the mild steel and decrease the 
evolution of hydrogen. The adsorption on anodic sites occurs through the 7C-
electrons of aromatic rings and lone pair of electrons of nitrogen and sulphur 
atoms [35]. 
Among the compounds investigated, the order of IE is: 
APT>AET>AMT>AT 
(C3) (C2) (C) (H) 
The presence of the propyl group in APT increases the density of electrons on the 
sulfUr and nitrogen atoms caused by resonance effects, which facilitate stronger 
adsorption of APT on the mild steel surface. This leads to higher IE of APT than 
AET compared with AMT and AT. The BE decreases with decrease in the 
number of carbon atoms as a consequence of the decrease in the electron density 
on the nitrogen and sulfur atoms [40]. 
Conclusions 
(i) The thiadiazole derivatives showed good performance as corrosion 
inhibitors in formic acid and acetic acid media. 
(ii) Electrochemical study shows that the corrosion inhibition takes place by 
adsorption of the inhibitor on mild steel surface. 
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(iii) All the compounds examined acted as mixed inhibitors in formic acid and 
acetic acid solutions, 
(iv) Scanning electron microscopy shows smoother surface of inhibited 
metal samples than inhibited samples due to the formation of a film on 
inhibited metal samples, 
(v) All of the four thiadiazoles inhibited corrosion by adsorption mechanism 
and the adsorption of these compounds from acid solution followed 
Langmuir's adsorption isotherm. 
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Inhibition effect of some fatty acid oxadiazoles on the corrosion of mild steel (MS) in aqueous solution containing I N 
HCl was investigated by weight loss, potentiodynamic polarization technique, electrochemical impedance spectroscopy and 
scanning electron microscopy. The adsorption of these compounds was found to obey Langmuir adsorption isotherm. 
Various thermodynamic parameters were calculated to investigate the mechanism of corrosion inhibition. The effect of 
inhibitor concentration, solution temperature, immersion time and acid concentration on the corrosion of mild steel has also 
been investigated by weight loss technique. Scanning electron microscopy (SEM) is used to examine the surface 
morphology of the mild steel samples both in absence and presence of inhibitor at optimum concentration. Potentiodynamic 
polarization data showed that the compounds studied are cathodic ty()e inhibitors in the acid solution. Electrochemical 
impedance spectroscopy was also used to investigate the mechanism of the corrosion inhibition. 
Keywords: Mild steel, Oxadiazoles, Potentiodynamic polarization. Electrochemical impedance spectroscopy (EIS), 
Scanning electron microscopy (SEM) 
IPC Code (s): C23F11/00 
Mild Steel is an industrially important material used in 
the fabrication of reaction vessels, storage tanks 
which either manufacture or use hydrochloric acid as 
reactant. It is corroded by many agents, of which 
aqueous acids are the most dangerous. The protection 
of steel from corrosion is the need of hour. Various 
methods are adopted to prevent corrosion but the use 
of inhibitors is one of the most practical methods for 
protection against corrosion, especially in acidic 
media. Fatty acid inhibitors constitute an important 
class of corrosion inhibitors''^. Azoles are found to be 
excellent corrosion inhibitors for steel*"'. In continu-
ation of previous work on development of fatty acid 
derivatives as corrosion inhibitors"*"'^ , the inhibitory 
effect of aliphatic and aromatic oxadiazoles namely 
2-decane-5-mercapto-l-oxa-3,4-diazole (DMOD), 
2-pentadecane-5-niercapto-l-oxa-3,4-diazole (PMOD), 
2-aminophenyl-5-mercapto-1 -oxa-3,4-diazole (AMOD) 
and 2-nitiq)henyl-5-mercapto-l-oxa-3,4-diazole (NMOD) 
on the corrosion of mild steel in hydrochloric acid 
have been studied. 
Experimental Procedure 
Inhibitors 
The inhibitors were synthesized in the laboratory 
14 
characterized through their spectral data (FTER) and 
their purity was confirmed by thin layer 
chromatography (TLC). Name and structural formulas 
of the inhibitors are given in Table 1. 
Electrolyte 
Hydrochloric acid (MERCK) of AR grade was 
used to prepare solution of appropriate concentrations 
using double distilled water. All the experiments were 
done in 1 N acid solution. 
Specimens 
Cold rolled mild steel strips having composition'^, 
(wt%): 0.14%C, 0.35% Mn, 0.17%Si, 0.025%S, 
0.03%P and balance iron Fe were used. 
Weight loss studies 
Mild steel coupons of size 2.0 x 2.5 x 0.2 cm were 
degreased using acetone and finally dried. The 
cleaned specimens were weighed before and after the 
experiments. The concentration range of inhibitor 
employed in experiments was 100 to 500 ppm in 1 N 
HCl and maximum inhibition efficiency is attained at 
500 ppm. Weight loss measurements were conducted 
in 1 N HCl for various immersion time (3 to 24 h) and 
at various temperatures ranging from 30 to 60 °C as 
following the procedure described earlier and per ASTM method ,16 
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S.No 
Table 1 — Name and molecular structures of the compounds used 
Strucures Designation and abbreviation 
N N 
2-Pentadecane-5-mercapto-l-oxa-3,4-diazo]e(PMOD) 
3. 
CH3-(CH2)lP"O^^SH 
N N 
X JL 
CH3-(CH2)';f^O^^SH 
NH2 N N 
0 ^ ^SH 
^Oi ¥, \} 
HOOC 
^ ^ O ^ S H 
2-Decane-5-mercapto-l-oxa-3,4- diazole (DMOD) 
2-Aminophenyl-5-mercapto-l-oxa-3,4-diazole (AMOD) 
2-Nitrophenyl-5-mercapto-l-oxa-3,4-diazole(NMOD) 
Electrochemical polarization measurement 
Potentiodynamic polarization studies were carried 
out using an EG & G Princeton Applied Research 
(PAR) potentiostat/galvanostat (model 173), a 
universal programmer (model 175) and an X-Y 
recorder (model RE0089). A platinum foil was used 
as auxiliary electrode and a saturated calomel 
electrode (SCE) was used as reference electrode and 
mild steel was used as working electrode. All the 
experiments were carried out at temperature 
(30±rC). Equilibrium time leading to steady state of 
the specimens was 30 min. Sweep rate in 
potentiodynamic experiments was 1 mV/s. 
Electrochemical impedance studies 
Electrochemical impedance spectroscopy (EIS) 
measurements were performed on mild steel in 1 N 
HCl in absence and presence of 100, 300 and 500 
ppm of DMOD in the frequency range 5 Hz- l(Xi kHz. 
A time interval of few minutes was required for open 
circuit potential (o.k.) to reach a steady value. All the 
measurements were carried out using Zahner IM-6 
electrochemical workstation at 30 ± 2°C. 
Scanning electron microscopy 
Scanning electron microscope (SEM) Model No 
435 VP LEO was used to study the morphology of 
corroded surface in presence and absence of 
inhibitors. The specimens were thoroughly washed 
with double distilled water before putting on the slide. 
The photographs were taken of that portion of 
specimen from where better information was 
obtained. They were photographed at 3000 n magni-
fication. To understand the morphology of the steel 
surface in absence and presence of inhibitors, the 
following cases have been examined. 
(i) Polished mild steel specimen 
(ii) Mild steel specimen dipped in 1 N HCl 
(iii) Mild steel specimens dipped in IN HCl 
containing 500 ppm concentration of DMOD. 
Results and Discussion 
Weight loss studies 
The values of percentage inhibition efficiency 
(%IE) obtained from weight loss method at different 
concentrations of inhibitors at 30°C are shown in 
Fig. 1. It has been found that all compounds inhibit 
the corrosion of mild steel in HCl solution, at all 
concentrations (100-500 ppm) used in this study. It 
has also been observed that the inhibition efficiency 
for all of these compounds increases with the increase 
in concentration up to 5(X) ppm. 
Figure 2 shows the variation of inhibition efficiency 
with solution temperature. Inhibition efficiency (IE) 
for all studied inhibitors first increases on increasing 
temperature from 30 to 40°C and then decreases with 
further increase in temperature upto 60°C indicating 
the desorption of the inhibitor molecules from metal 
surface occur at higher temperatures'^ 
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0 100 200 300 l^OO 500 
Concentration (ppm) 
Fig. 1 — Variation of inhibition efficiency with inhibitor 
concentiation for 100-500 ppm concentration of inhibitors 
(•, DMOD; X, PMOD; O, AMOD; A, NMOD). 
30 40 50 60 
Temperature ("C) 
Fig. 2 — Variation of inhibition efficiency with solution 
ten^rature in 1 N HCI for 500 ppm concentration of inhibitors 
(•, DMOD; X. PMOD; o, AMOD; A, NMOD). 
6 9 12 24 
Time (h) 
Fig. 3 — Variation of inhibition efficiency with immersion time 
in 1 N HCI for 500 ppm concentration of inhibitors (•, DMOD; 
X. PMOD; o, AMOD; A, NMOD). 
1 2 . 3 
Acid concentration (N) 
Fig. 4 — Variation of inhibition efficiency with acid 
concentration in I N HCI for 500 ppm concentration of inhibitors 
(•, DMOD; X, PMOD; o. AMOD; A, NMOD). 
The influence of immersion time on inhibition 
efficiency for all four fatty acids oxadiazoles is 
presented in Fig. 3. It is observed that inhibition 
efficiency (IE) decreases with increase in immersion 
time from 3 to 24 h, which shows the non persistency 
of the adsorbed fatty acid oxadiazoles over a longer 
test period. Figure 4 depicts the effect of acid 
concentration on inhibition efficiency. It is clear that 
the change in acid concentration (1 to 5 N) does not 
cause any significant change in inhibition efficiency 
of all the compounds studied thereby suggesting that 
all the compounds are effective inhibitors in acid 
solution of different concentrations. 
Adsorption isotherm studies 
The degree of surface coverage (9) for different 
concentration of inhibitors in 1 N HCI at 30°C for 3 h 
of immersion time has been evaluated from weight 
loss values. The data were tested graphically by fitting 
to various isotherms. A straight line was obtained on 
plotting log (9/1-8) versus log C (Fig. 5) suggesting 
that the adsorption of the compounds on mild steel 
surface in HQ follows Langmuir's adsorption 
isotherm. 
A plot of log 0/1-9 versus 1/T is given in Fig. 6. 
Slope of the plot (-Q/2.303R) gives the values for 
calculating heat of adsorption (Q) and are depicted in 
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2.2 2.4 Z6 2.8 
logC 
Fig. 5 — Langmuir's adsorption isotherm plots for the adsorption 
of various inhibitors in 1 N HCI on the surface of mild steel 
(•, DMOD; X, PMOD; o, AMOD; A, NMOD). 
Table 2 — Thermodynamic activation parameters for mild steel in 
1 N HCI in absence and presence of inhibitors of 500 ppm 
concentration 
Inhibitors 
(500 ppm) 
I N HCI 
DMOD 
PMOD 
AMOD 
NMOD 
KJ mol' 
50.10 
55.04 
52.13 
51.12 
48.08 
-AW 
KJ mol' 
47.41 
80.03 
87.85 
101.41 
103.50 
-A5 
J moI/K' 
202.20 
220.58 
217.52 
215.98 
210.24 
-AGajj 
KJ mol' 
-
34.90 
33.71 
30.24 
29.30 
-Q 
KJ mol' 
-
30.43 
23.36 
18.02 
14.35 
Table 2. Since the values of heat of adsorption for all 
the inhibitors are less than (-40 KJ mol''), hence 
showing physical adsorption of inhibitors on metal 
surface *. 
It has been reported by some authors "" '^ that in 
acid solution, the logarithm of the corrosion rate is a 
linear function of 1/T (Arrhenius equation): 
Log (Rate) = -El 
2.303/?r 
+ A 
where, £"„ is the apparent effective activation energy, 
R is the general gas constant and A the Arrhenius pre 
exponential factor. A plot of log of corrosion rate 
obtafned by weight loss measurement versus 1/T gave 
straight line as shown in Fig. 7. The values of 
activation energy (£"„) obtained from the slope of the 
lines are given in Table 2. An alternative formula of 
the Arrhenius equation is the transition state equation: 
3.0 3.1 3.2 3J 
l/T (lO'K') 
Fig. 6 — Adsorption isotherm plot for log (9/1- 0) versus \IT 
(•, DMOD; X, PMOD; o. AMOD; A, NMOD). 
3.0 3.1 3.2 3.3 
ITT (10'K-') 
Fig. 7 — Adsorption isotherm plot for log (CR) versus 1/T 
(A, DMOD; x, PMOD; o, AMOD; A. NMOD; • . Blank). 
RT 
Rate = exp 
^AS'^ 
R 
exd-
RT 
where, h is the plank s constant, N is the Avogadro s 
number^  AS" is the entropy of activation and AH° is 
the enthalpy of activation. A plot of log (Corrosion 
rate/T) versus l/T should give a straight line (Fig. 8) 
with a slope of (-A^/2.303 R) and an intercept of 
[(log (R/Nh) + (A5"/2.303 R)], from which the values 
of AS° and Aff were calculated and listed in Table 2. 
The data shows that activation energy (£"») values 
for inhibited system are higher than those of 
uninhibited system except NMOD and are more 
effective at room temperature. The £°a value for 
NMOD is less than those in free acid indicating that 
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inhibitor exhibit high efficiency at elevated 
temperature^^ The values of liH° for all inhibitors are 
higher indicating more energy barrier for the reaction 
in presence of inhibitor is attained '^. The entropy of 
activation AiS° in the absence and presence of the 
inhibitors are large and negative. This indicates that 
the activated complex in the rate determining step 
represents an association rather than a dissociation 
step, meaning that a decrease in disordemess takes 
place during transformation from reactants to the 
activated complex '^'. Free energy of adsorption 
(AGodt) calculated using the following equations are 
given in Table 2. 
AG<^  = - /?r in(55.5^ 
and K is given by: 
/(: = G/C(I-0) 
where 9 is degree of coverage on the metal surface, C 
is concentration of inhibitor in mole/L, K is 
equilibrium constant, R h & constant and T is 
temperature. The low and negative value of AGads 
indicated the spontaneous adsorption of inhibitor on 
the surface of mild steel^. AGad$ values are less than 
-40 KJ/mol (-9.56 k Cal/mol), which shows physical 
adsorbtion of oxadiazoles on the metal surface '. 
The plot of log (weight loss) versus immersion 
time depicted in Fig. 9, gave a straight line indicating 
that the reaction is first order reaction. The value of 
the rate constant was calculated using the first order 
rate law^ 
3.0 3.1 3.2 
1/T (lO^K') 
3.3 
t A 
where Ao is the intial mass of the metal and A is the 
mass corresponding to time t. The half life {tiai values 
were calculated using equation '^. 
0.693 
hn ~' 
and weight loss is expressed in grams. 
The values of the rate constant and half life {t\n) 
obtained from above equation are summarized in 
Table 3. Half life (/1/2) values were found to be 
constant at different inmiersion times. The constant 
values of rate constant further confirmed that 
corrosion of mild steel in 1 N HCl in presence of 
different inhibitors follows first order kinetics^". 
Potentiodynamic polarization studies 
Various corrosion parameters such as £•„„, ^MT. IE 
and CR obtained from Fig. 10 are given in Table 4. It 
is observed that presence of the oxadiazoles decreases 
0.0 r ~ 
B 
C 
D 
Fig. 8 — Adsorption isotherm plot for log (CR/T) versus 1/7 
(A, DMOD; x, PMOD; o, AMOD; A, NMOD; •, Blank). 
6 9 12 
Time (h) 
Rg. 9 — Plot of Log (weight loss) versus immersion time 
(•, DMOD; X, PMOD; 0, AMOD; A, NMOD; A. Blank). 
Table 3 — First order rate constant and Half-life values in hours 
(h) for the corrosion of mild steel in 1 N HCl in absence and 
presence of inhibitors of 500 ppm concentration at 30°C 
hn (h) 
21.13 
134.48 
119.47 
104.74 
84.44 
System 
IN HCl 
DMOD 
PMOD 
AMOD 
NMOD 
K-KW'^ 
32.79 ±0.141 
2.09 ±0.112 
5.80 ±0.145 
6.62 ±0.194 
8.20 ±0.212 
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1cm values. Maximum decrease in /c^, was observed 
in case of DMOD. The trend of the IE was found to 
be same as that of weight loss study. £eor values do 
not show any significant change in presence of all the 
oxadiazoles in the acid solution suggesting that all 
these oxadiazoles are cathodic type inhibitors (i.e., 
they retard the corrosion reaction by blocking 
cathodic sites of the metal) '^. 
Electrochemical impedance studies 
Table 5 includes the results of impedance studies 
and Fig. 11 shows Nyquist plots in the absence and 
presence of 100, 300 and 500 ppm of DMOD. The 
values of Ri and Ca were calculated from Nyquist 
plots as described elsewhere^^ The percentage IE was 
calculated using equation^ .^ 
\IR, -l/R, 
%I.E. = '- !^xl00 
l/R. 
where /?to and R^ are charge transfer resistance 
without and with inhibitor, respectively and are given 
in Table 5. The Nyquist plots (Fig. 11) contain 
depressed semi-circles with the center under the real 
axis, whose size increase with the increase in DMOD 
concentration, indicating a charge transfer process 
mainly controlling the corrosion of mild steel. Such 
behaviour is characteristic for solid electrodes and 
often referred to frequency dispersion^*, attributed to 
roughness and other inhomogeneities of the solid 
surface, adsorption of inhibitors'^ , and formation of 
layers^'^. It is clear that the charge transfer resistance 
of mild steel in uninhibited HCl solution has 
significantly changed after the addition of DMOD in 
the corrosive solution. This means that the impedance 
(Locn 0,01 0.1 
Current density (mA.cm') 
Fig. 10 — Potentiodynamic polarization curves of mild steel in 
1N HCI containing 500 ppm concentrations of various 
oxadiazoles (1) Blank (2) NMOD (3) AMOD (4) PMOD 
(5) DMOD. 
of inhibited substrate increases with increasing 
DMOD concentration and consequently the inhibition 
efficiency increases. 
The Cdi value decreases due to the increase in the 
thickness of the electrical double layer, suggesting 
that the DMOD functions by adsorption at the 
metal/solution interface. Thus, the change in Qi 
values was caused due to the gradual replacement of 
water molecules by the adsorption of the DMOD 
molecules on the metal surface, thus decreasing the 
extent of the metal dissolution^*. 
Scanning electron microscopy 
It is evident from Fig. 12 that the surface of mild 
steel immersed in inhibited solution is smoother than 
Table 4 — Electrochemical polarization parameters for the 
corrosion of mild steel in 1 N HCl containing 500 ppm 
inhibitors at 30°C 
Inhibitor 
cone (ppm) 
IN HCl 
DMOD 
PMOD 
AMOD 
NMOD 
c^oir (mV) 
-507 
-552 
-533 
-526 
-517 
/co.T (mA cm") 
0.360 
0.027 
0.031 
0.036 
0.045 
/£(%) 
-
92.50 
9L38 
89.85 
87.52 
Table 5 —Electrochemical impedance parameters for mild steel 
in 1 N HCl containing different concentrations of DMOD at 30"C. 
Inhibitor 
cone (ppm) 
IN HCl 
DMOD 100 
300 
500 
(ohm cm )^ 
36 
139.13 
167.64 
243.47 
(pFcm-^) 
1511.50 
769.72 
708.96 
501.87 
IE 
(%) 
-
74.11 
78.52 
85.15 
200 
Zre (ohm.cni?) 
300 iOO 
Fig. 11 — Nyquist plot of mild steel in 1 N HCl in the absence 
and presence of 100, 300 and 500 ppm of DMOD: (1) Blank (2) 
100 ppm (3) 300 ppm (4) 500 ppm. 
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that in 1 N HCI alone. These observations suggest that 
inhibitors form protective layer on the metal surface, 
which prevent attack of acid on metal surface. 
Methaiiisin of corrosion inhibition 
Inhibition of corrosion of mild steel in the acidic 
solutions by the fatty acid oxadiazoles can be 
explained on the basis of molecular adsorption, hi 
acidic solutions these compounds exist as protonated 
species. These protonated species may adsorb on the 
cathodic sites of the mild steel and decrease the 
evolution of hydrogen. It is apparent from the 
molecular structures that these compounds are able to 
get adsorbed on the metal surface through Ti-electrons 
(a) 
(b) 
- s, 
Fig. 12 — Scanning electron micrographs .'or mild steel surface in 
absence and presence of inhibitors (a) mild steel in 1 N HCI (b) 
polished mild steel and (c) mild steel in presence of D.MOD. 
of aromatic ring and lone pair of electrons of N, O 
and S atoms'''. Among the compounds investigated in 
the present study, the order of IE has been found as 
follows, 
DMOD > PMOD > AMOD > NMOD 
In case of aliphatic oxadiazoles the presence of 
long hydrophobic chain plays an important role in 
increasing inhibition efficiency by keeping acid 
solution away from metal surface . Inhibition 
efficiency of the tested aliphatic oxadiazoles 
increased with the increase in chain length up to Cn 
(DMOD) however further increase in chain length 
(C15), as in case of PMOD, decreases the inhibition 
efficiency due to increase in stearic hindrance . 
However, in case of aromatic oxadiazoles (.^MOD 
and NMOD) orientation of substituted groups, prevent 
their fiat orientation on the metal surface causing less 
adsorption and thereby exhibit less inhibition 
efficiency as compared to aliphatic oxadiazoles ". 
Presence of electron donating (NH2) group in AMOD 
increases density of electron in the ring which 
facilitates stronger adsorption of AMOD on the mild 
steel surface that leads to higher inhibition efficiency 
of AMOD than NMOD. 
Conclusions 
(i) All fatty acid oxadiazoles exhibit good 
performance as corrosion inhibitors in 
hydrochloric acid media. 
(ii) All of the studied oxadiazoles inhibit corrosion 
by adsorption mechanism and the adsorption of 
these compounds from acid solution follow 
Langmuir's adsorption isotherm. 
(iii) All the compounds examined acted as cathodic 
inhibitors in HCI. 
(iv) SEM photographs of mild steel exposed to 1 N 
HCI in presence of DMOD show smooth surface 
as compared to mild steel exposed to I N HCI 
alone. 
(v) EIS studies show that addition of increasing 
concentration of DMOD decreases Cdl values 
and increases Rt values and inhibition efficiency. 
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Thiadiazole Derivatives as Corrosion Inhibitors for Mild Steel 
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ABSTRACT 
The inbiting action 2-Amino-l, 3, 4-thiadiazoles (AT), 2-Amino-5-methyl-l, 3-4-thiadiazole (AMT), 2-Amino-S-ethyl-l, 3,4-
thladiazole (AET) and 2-Amino-S-propyl-l,3,4-tMadiaiole (APT) on corrosion of mild steel in 5%, 10% & 20% HCL by weight 
loss andpotentlodynamic techniques. The weight loss study was done under boiling conditions at 3 78±2K andpotentiodynamic 
polarization techniques were carried out at room temperature at 28±2K. The Inhibitors give best performance at 5% acid 
concentration. AT performed best, giving Inhibition efficiency as high as 99.9% at lOOOppm. All the compounds exhibited 
more than = 90% Inhibition efficiency at concentration lOOOppm. potentiodynamic polarization studies showed that the 
inhibitors are of mixed type. 
INTRODUCTION 
The corrosion inhibitors are widely used for pickling 
treatments, acid cleaning and oil well acidizing to minimize 
the corrosive attacks caused by the aggressiveness of 
hydrochloric acid solutions [1 -3]. A few classes of organic 
compounds have been studied as corrosion inhibitors in hot 
and cone, hydrochloric acid. [4-6]. 
A survey of literature reveals that only a few inhibitors are 
available that can withstand higher acid concentration and 
temperature. The effective acidizing inhibitors, which are 
usually found in commercial formualtions, are acetylenttf 
alcohols. [7-10], Alkenyl phenones [11], ArOmtic 
Aldehydes [12-13], Nitrogen containing heterocyclics and 
their quatemary salts [14-16) condensation products of 
carbonyls and remains [17]. 
Among these acetylenic alcohols are widely used 
because of their commercial viability. However, they 
suffer from the following drawbacks. They are effective 
only in high concentration and produce toxic vapours 
under acidizing process [18]. 
In view of the above there exists a need for development 
of new acidizing corrosion inhibitors. In continuation of 
our work on the development of corrosion inhibitors for 
acid medium [19-22] we have synthesized four 
thiadiazoles viz:-2-Amino-l, 3, 4-thiadiazoles (AT), 2-
Amino-5-methyl-l, 3,4-thiadiazole (AMT), 2-Amino-5-
ethyl-l, 3, 4-thiadiazole (AET) and 2-Amino-5-propyI-
1,3,4-thiadiazole (APT) to study their inhibiting properties 
on corrosion of mild steel in 5%, 10% and 20% HCI 
solution. The selection of these compounds as corrosion 
inhibitors is based on the fact that these compounds 
contain lone pair of electrons on nitrogen and sulphur 
atoms through which they can coordinate redily on the 
metal surface. In addition to this they are readily soluble 
in acid solution and have low toxicity and are also used in 
pharmaceuticals [23]. 
EXPERIMENTAL 
Analytical reagent grade HCI (Merck) and Double 
distilled water were used for preparing test solutions of 
5%, 10% and 20% HCI for all experiments The volume 
of the test solution was kept at 20 ml cm"^  of metal as per 
ASTM G31-72 [24]. The "electrodes were polished with 
emery paper of 1/0, 2/0. fl/0 and 4/0 grades and 
degreased with trichloroethylene. 
Thiadiazoles were synthesized as described by Kidwai 
et al. [25] and characterized through their spectral data; 
their purity was confirmed by thin layer chromatography. 
The names, molecular structures of the compounds are 
given in Table I. 
Weight loss experiments were performed with cold rolled 
MS samples of an area 36 cm^ (C=0.14%, Mn=0.35%, 
Si=0.17%, S=0.025%, P=0.03%, and the rest iron [24]. 
For potentiodynamic polarization studies, MS strips with 
an exposed area of 1.0 cm^ were used and the 
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experiments were carried out at a temperature of 28 ± 
2K as per ASTM, G 3-74 and G 5-87 [24]. 
Potentiodynamic polarization studies were carried out 
using and EG & G (PAR model 173) potentiostat/ 
galvanostat, a model 175 Universal programmer and a 
model 175 Universal programmer and a model RE 0089 
X-Y recorder. A platinum foil was used as auxiliary 
electrode and a saturated calomel electrode served as 
reference electrode. 
RESULTS AND DISCUSSION 
Weight Loss Studies 
The values of percentage inhibition efficiency (%IE) and 
corrosion rate (CR) of MS obtained by the weight loss 
method at 1 OOOppm concentration of the four thiadiazoles 
in 5%, 10% & 20% HCI under boiling 378±2 K condition 
for 30 minutes of immersion time are given in Table II 
and in Fig. 1. The % IE and surface coverage (0) were 
calculated using the followiilg equations [26]. 
%IE=((CR''-CR)/CR'')x 1 GO 
e=((CR''-CR)/CR'') 
Inhibition of mild steel corrosion in acidic solutions by 
thiadiazoles can be explained on the basis of adsorption. 
These compounds inhibit the corrosion by controlling both 
the anodic and cathodic reactions. In acidic solutions the 
compounds exist as protonated species.These protonated 
species adsorb on the cathodic sites occuring through the 
7i-electrons of aromatic ring and the lone pair of 
electrons of nitrogen and sulphur atoms, which decreases 
anodic dissolution of mild steel [27]. 
The values of metal loss and inhibition efficiencies of all 
the compounds were found to depend on their molecular 
structure. The inhibition efficiencies have been found to 
be in the following order. 
APT>AET>AMT>AT 
(C3) (q ) (C,) (H) 
Among these compounds the propyl derivative showed 
the highest IE. The presence of propyl group in APT 
increases the density of electrons on sulfur and nitrogen 
atom caused by resonance effect, which facilitate 
stronger adsorption of APT on the mild steel surface. 
This leads to higher IE of APT then AET compared with 
AMT and AT. The IE goes on decreasing with decrease 
in the number of carbon atoms as a consequence of the 
decrease in the electron density on nitrogen and sulphur 
atom. 
Potentiodynamic Polarization Studies 
The polarization behaviour of MS in 5%, 10% and 20% 
HCI at 28 +2K in absence and presence of 1 OOOppm 
concentration of thiadiazoles is shown in Fig. 2,3 and 4. 
Electrochemical parameters such as corrosion current den-
sity (I ) and corrosion potential ( E ^ ^ calculated from 
Tafel plots for all thiadiazole are given in Table III. The 
results clearly show that the decrease in I^^ for all the 
synthesized compounds. E^ ^^  values show that all these 
compounds are mixed type inhibitors in 5%, 10% and 20% 
HCI. 
.CONCLUSIONS 
• All the investigated thiadiazoles are excellent 
corrosion inhibitors for MS in 5%, 10% & 20% 
boiling HCI solution giving upto ~ 99% IE. 
• The best performance is shown by inhibitors at lower 
concentration i.e. 5% and IE goes on decreasing with 
increase in acid concentration. 
• All the thiadiazoles showed predominantly mixed 
type behaviour in 5%, 10% and 20% KCl solution. 
REFERENCES 
1. G. Trabanelli, Inhibitors for chemical cleaning treatments in cor-
rosion inhibitors, W.P. Report No. 11, The Insittute of Materials, 
London(1994)92. 
2. G Schmitt, inhibition of acid media in Corrosion Inhibitors, W.P. 
Report No. 11, The Institute of Materials, London (1994) 64. 
3. G Trabanelli, F. Zucchi and G Brunoro, Werkst. Korros. 39 
(1983)589 
4. F.B. Growcock, N.W. Frenier and V.R. Lopp, Proc. 6th SEIC, 
Ann. Univ. Ferrara Suppl. No. 8 (1985) 167. 
5. W.W. Frenier, V.R. Lopp and F.B. Growcock, Proc. 6th SEIC, 
Ann. Univ. Ferrara Suppl. No. 8 (1985) 183. 
6. W.W. Frenier and F.B. Growcock, Paper No. 440, Corrosion, 54 
(1998)996. 
7. FA. Brindsi, T.W. Blecks and T.E. sullivaii, U S Pat, 430 (1981) 
2246. 
8. T.M. Muzyezko, S. Share and J.A. Martin, Brindsi, U S Pat, 3 
(1972) 106; 105 (1972) 106. 
9. B.F. Mago, U S Pat, (1987) 263167 
10. I.L. Rosenfield, Corrosion inhibitors, Megraw-Hill, New York, 
(1988)590. 
J. Electrochem Soc. India 
86 Thiadia2ole Derivatives as Corrosion Inhibitors 
11. W.W. Frenier, F.B, Growcock, V.R. Lopp, Corrosion, 44 (1998) 
590. 
12. W.W. Frenier, Eur Pat, (1992) 47400 
13. E.B. Grocock, W.W. femier and P A Andreozzi, Corrosion, 45 
(1989) 1007. 
14. A. Cizek, U S Pat 4( 1991) 40; 997( 1991) 40. 
15. A.E. Woodson, U S Pat, (1976) 3982894. 
16. K.D. Neemla, A. Jayaraman, R.C. Saxena, A.K. Agarwal and R. 
Krishna, Bull Electrochem Soc, 5(1998) 250. 
17. R.F. Monroe, C.H. Kucera, B.D. Dates, U S Pat, 300 (1963) 454. 
18. D.D. N. Singh and A.K. Dey, Corrosion, 49 (1993) 594. 
19. M. Ajmal, J. Ra'wat and M.A. Quraishi, Anticorros. Meth. Mas-
ter, 45,6 (1998) 419. 
20. M.A. Quraishi. J. Rawat and M. Ajmal, Conosion, 54 12 (1998) 
996. 
21. M. Ajmal, J. Rawat and M.A. Quraishi, The Electrochemical 
Society of India, 4« (1999) 70. 
22. M. Ajmal, J. Rawat and M.A. Quraishi, Bulletin of Electrochem-
istry 14,6-7 (1998) 189. 
23. M. Kidwai, P. Mistra, K.R. Bhushan, and B. Dave, Synth. 
Commun, 30 (2000) 3031. 
24. ASTM G 31-72, "Standard Practices for Laboratory Immersion 
Corrosion Testing of Metals", Annual Book of ASTM Standards, 
Phildelphia, ASTM (1990). 
25. M. Kidwai and K.R. Bhushan, Ind. J. Chem. Technol, 37B (1998) 
427. 
26. M.A. Quraishi, M.A.W. Khan and M. Ajmal, Portugaliae 
Electrochim Acta, 13 (1995) 63. 
27. M.A. Quraishi, A.S. Mideen, M.A.W. Khan and M. Ajmal, Ind J. 
Chem. Technol, 1 (1994) 329. 
Tabic I Name and IVfolecular structures of the inhibitors 
S. No. DESIGNATION STRUCTURAL FORMULA ABBREVUTION 
1. 2-Amino-l, 3,4-thiadiazole 
N N 
1 J l 
AT 
2. 2-Amino -5-methyl -1,3,4-thia4iazole 
N N 
il ll 
3. 2-Amino-5-ethyl -l,3,4-thiadia2ole 
N N 
ll ll 
AMT 
AET 
4. 2-Amino-5-propyI -1,3,4-thiadiazole 
N N 
H 7 C 3 ^ S ^ N H 2 
APT 
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Table II Corrosion parameters obtained from weiglit loss mea-
surements in 5%, 10% & 20% HCL containing lOOOppm concen-
tration of various inliibitors at 378+2 K. 
Inhibitor Cone. 
(iJpm) 
s%Ha 
Blank 
AT 
AMT 
ACT 
APT 
10%H<X 
Blank 
AT 
ANfT 
ACT 
APT 
20% HCL 
Blank 
AT 
AMT 
ACT 
APT 
Immersion time 
(min) 
30 
30 
30 
30 
30 
30 
» -. 
30 ' 
30 
30 
30 
30 
30 
30 
30 
Weight k)ss 
(ffn) 
6.80 
0.0279 
0214 
0.009 
0.006 
720 
. 0 i 2 9 
0369 
0.221 
0.075 
7.90 
0.912 
0686 
0.485 
0333 
E 
(%) 
-
95.89 
96.86 
98i3 
99.91 
-
92.64 
94.87 
%.92 
98.96 
-
88.46 
91J2 
93.86 
95.78 
Conosionraie 
(mmpy) 
12868.03 
528.91 
404.02 
18.90 
11.58 
13624.97 
1002.76 
699.04 
419.72 
141.70 
14949.62 
1723.94 
129627 
917.79 
63015 
5 10 20 
Acid ConclV.) 
Fig. 1 Variation of inliibition efficiency with acid concentration 
in 5%, 10% & 20% HCI containing lOOOppm of inhibitor by 
weight loss (1) AT, (2) AMT, (3) AET, (4) APT 
am ai 
Ci^ r r«nt 0*niity < m A Cm'h 
Fig. 3 Potentjodynamic polarization curves for mild steel in 10% 
HCI contaNng 1000 ppm of inhibitors (1) Blank, (2) AT, (3) 
AMT, (4) AET, (5) APT 
Table III Electrochemical polarization parameters for MS 
in 5%, 10% & 20% HCI containing 1000 ppm of various inhibi-
tors at 28 ± 2K 
Inhibitor Cone. 
(ppm) 
5V.HCL 
Blank 
AT 
AMT 
ACT 
ACT 
lOV.HCL 
Blank 
AT 
AMT 
ACT 
ACT 
MV.HCL 
Blank 
AT 
AMT 
ACT 
ACT 
E 
cotr (mV) 
-529 
-520 
-532 
-525 
-518 
-532 
-528 
-539 
-527 
-542 
-551 
-545 
-558 
-549 
-560 
I 
am (mA.cm" )^ 
2.800 
0.0298 
0.061 
0.055 
0.017 
3J00 
0269 
0.154 
0.103 
0.064 
3.700 
0.465 
0275 
0253 
0.191 
IE 
(%) 
-
96.49 
7fM 
98.03 
99.41 
-
91.84 
95J2 
96.87 
98.06 
-
87.42 
9237 
93.16 
94.87 
I 
901 HI 
Fig. 2 Potentiodynamic polarization curves for mild steel in 5% 
HCI containing lOOOppm of inhibitor. (1) Blank, (2) AT, (3) AMT, 
(4)AET,(5)APT 
aooi 
Curr*ftl««iii% ImA tm-*» 
Fig 4 Potentiodynamic polarization curves for mild steel in 20% 
HCI containing 1000 ppm of inhibitors (1) Blank, (2) AT, (3) 
AMT,(4)AET,(S)APT 
J. Electrochem Soc. India 
Available online at www.8clencedlrect.com 
ScienceDlrect 
ELSEVIER Materials Chemistry and Physics 107(2008)528-533 
MATERIALS 
CHEA4ISTRYAND 
www.elsevier.com/locate/matchemphys 
Influence of surfactants on the corrosion inhibition behaviour of 
2-aminophenyl-5-mercapto-l-oxa-3,4-diazole (AMOD) on mild steel 
M.Z.A. Rafiquee'***, Nidhi Saxena% Sadaf KhaIl^ M.A. Quraishi'' 
* Deparmte/a /^Applied Chemiilry, Corrosion Retearch Laboratory; Facuby ofEn^neering A Technology, Aligarh Muslim University, 
Aligarh 202002, India 
*' Department of Applied Chemistry, TT-BHU Banaras Hindu University, India 
Received 26 February 2007; received in revi.<!ed form 22 Auguist 2007; accepted 25 August 2007 
Abstract 
The conosion inhibition characteristics of 2-aii]iiioidieiiyl-S-inac^to-l-oxa-3,4-<liazole (AMOD) on mild steel in HCl solution have been 
studied by weight loss studies and potentiodynamic pdarizaticni. AMOD is a good ccxtosion inhibitor in HQ soluti(» and its inhibition effiaency 
is increased madcedly in ptesence of snrfurtants (SDS, CTAB, TX-lOO). TX-lOO is found to be most ^ ective among the tested soi&ctants. Weight 
loss measuretnents showed that the inhibition efficiency increased with the increasing suifactant concentration and attained a maximum value 
around 0.2 mol dm~ .^ hi presence of sui&ctant, die adsorption of AMOD on the mild steel suifiice obeyed Langmuir's adsorption isotherm. The 
influence (rfinhibitor concentration, 8<dution temperature, and add concentration on the conosion rate of mild steel has also been investigated. The 
deduced thermodynamic parameters for adsorption reveal a strong interaction between Ae inhibitor and mild steel surface. The negative values of 
C b indicate the spontaneous adsorption of iidiibitors on the mild steel surface. Potentiodynamic polaiization studies show that these surfactants 
are mixed-type inhitntors. 
e 2(X)7 Elsevier B.V. All rights reserved. 
Keytvords: Ptdaotpaoa; Conosion; EtectrocbemJca) technique; Metals 
1. Introductton 
Surfactants [1,2] also called detergents are amphiphile that 
contain polar or iooic head group and apolar residues. In the 
water or similarly strongly hydrogen-bonded solvents, they 
self-associate at concentrations above the critical micellar con-
centration (cmc) to form association colloids called micelles. 
Micelles have inteifacial regions containing ionic or polar head-
groups. This polar or ionic headgroups plays an important role 
in the adsorption [3,4] of surfiKtants onto the solid sur&ces and 
diereby inhibit conosion by blocking Ae surface of metal. Sur-
factant adsorption may occur due to electrostatic interactioa, 
van der Waak interaction, hydrogm bonding and/or solvation 
and desolvation of adsorbate and adsorbent species [S]. Smd-
ies in surfactant media have demonstrated a marked inhibiting 
effect on corrosion [6-8]. The best efficiency appears to be 
at coacentratfons in the region of cmc. Dependiag upon the 
concentration of the stufactant, the adsorption may occur as 
• Conresponding audior. Tel.: +915712700920x3000; fax: +91571 2700528. 
Z-mail address: dirafiquee9gmail.coni (MXA. Raflquee). 
an iitdividual molecule or as surfactant aggregates of various 
types. 
Surfactant adsorption to the metallic surface is below mono-
layer level at concentrations below cmc. At concentrations above 
cmc, adsorption of surfactant can consists of multiple layors of 
physically adsorbed sur6u:tant molecules. In the present study 
we have investigated the effect of anionic sodium dodecylsul-
fate (SDS), cationic cetyltrimediylammoniiun bromide (CTAB), 
and non-ionic Triton-X-100 (TX-1(X)) surfactants on die corro-
sion efSciency of Z-ammophenyl-S-mocapto- l-oxa-3,4-diazoIe 
(AMOD) by weight loss measurements and potentiodynamic 
measurement studies. 
Z Eiperimental 
2.1. Material preparation 
Ttit inbibitar (2-aminophenyl-S-meica()lo-l-oxa-3,4-diazole, AMOD) was 
syndKsized m die labotalocy foDowing the procedure descfibed earlier [9]. The 
mild steel samples having composition (wt%): 0.14% C, 0J5% Mn, 0.17% Si, 
0.025% S, 0.03% P and balance Fe have been used for the experiment CTAB 
(CDH, India), SDS (BDH, India) and TX-lOO (Himedia, India) were used as 
02S4-as«4/$ - see fionl matter O 2007 Elsevier B.V. All rights reserved. 
doi:10.101«/ijnatchempbys.2007i)8.022 
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received All the other ctaemkab used were of reagent grade. The stock solutions 
of HO and siatKtants were pci^ Mted using douMe distilled water. 
2.2 Weight loss measurements 
Weight loss measurements were conducted on the mild steel of size (surface 
atea 2 cm X 2 cm and thidmess 2 J mm) in 1 mol (kn~^ HO in vatyii^ c«ncen-
tration ranges of sur&ctants in the absence and presence of inhiUtac Mild steel 
sanyles were polished widi Emery Polishing paper III Grade 1/0 Plus and Aen 
degreaaed usiiig acetone and was flnaOy dried. The deaoed spedmens were 
weighed befi»e and after the experiments. The experiments were performed as 
per ASIM method described previously [ 10]. The iahiUtioa effideacy (IE) was 
calculated by using the following equation: 
IE = CKo.c •CRi.e, 
(1) 
^^ X^R CRa,«i is die conxMion rate in blank hydtodiloric add determined by 
weight loss method; CRj,^ is the corrosion rale m presence of surfactant with 
and without inhibitor determined by w e i ^ loss medxxL 
2.3. Potattuxfynamic polariaition studies 
Potentiodynamic polarizaiioo studies were carried otrt using an EG&G 
Princeton Applied icseareh (PAR) potentiostat/gaKanostat (modd 173). a uni-
venalpn>giainmer(mDdd 17S)andaX-Yrecaider(inoddRB0089). Aplatinum 
foil was used as auxiliary ekcuode. A saturated calomd electrode (SCE) and 
miMsied were used as reference and working decirodes, respectively. AH the 
studies were carried out at temperature (30 d: 1 "Q. EiiuiUxium time leadnig to 
steady state of the spectmens was 30 min. Sweep rate m pcteniiodynamic exper-
iment was 1 mV s~'. The inhiMlica effldeacy (IE) was caknlated by using the 
foUowhig relationship [ 11 ]: 
CR«on = 
0.13/cc„EW 
CR«,c, 
xlOO (3) 
(2) 
where CRtxn is ^ cooosion rate detertnined by measuring Ica„; CRo,con the 
conmion rate in blank hydrochloric add; CRj.o>T the corrosion rate in presence 
of sutftctam with and widxxit inhibitor; EW the equivalent weight of iron; D 
the density of iron; 4^, is the corrosion current den.sity. 
3. Results 
3.1. Weight loss measurements 
Tables 1-3 show the dependence of inhibition efficiency 
(IE) on varying concentrations of sui&ctants of cationic (TAB, 
anionic SDS and non-ionic TX-lOO, respectively, in the range 
finom 1 X 10~^nioldm~' to 5 x 10~' moldm"^ in the absence 
and presence of SOOppm AMOD. These surfactants alone dis-
played good IE and die presence of AMOD has further enhanced 
the IE appreciably as shown in Fig. 1. The IE first increased 
with increase in [surfectant], giving a maxima at concentration 
0.2nK)ldm~^ and, dtereafter, a deciease in IE was observed on 
further increasing die [surfactant]. 
The dependence of IE on variation in conceotratioa of 
acid (0.01-5.0 moldm'^) at fixed concentrations of surfactant 
(0.2 moldm~^) and AMOD (SOOppm) at 30 °C are depicted in 
Fig. 2. The IE decreased widi dte increase in acid concentration. 
It may be due to die greater aggressiveness of acid solutions at 
higgler concentration. 
A very small diange in EB was observed (Fig. 3) on vary-
ing the temperature firom 30°C to 60 °C. The concentration 
of surfactant was kept constant at 0.2 mol dm~^ in presence of 
500 ppm AMOD and 1.0 mol dm"'' HQ. These smdies demon-
1U>lel 
Variation of cwrodcnpManMters on [CTAB] for inildsted in 1 mol to~^IK3 in the absence and presence of AMOD at 30 °Clw 
[CIAB](mDldm-^) 
0.0 
0.01 
0.05 
0.075 
0.10 
0.20 
OJO 
0.50 
'Kble2 
hi absence of AMOD 
Wagbtioss(mg) 
62.4 
31.0 
28.8 
29.7 
24.7 
23.9 
24.7 
26.0 
Vviatioa of conoiiaa parametert on [SDS] for mOd sted 
[SDS] (moldm-^) 
0.0 
0.01 
O.QS 
0.075 
0.10 
0.20 
OJO 
0.50 
In absence of AMOD 
Weight loss (mg) 
62.4 
29.8 
27.9 
263 
23.8 
22.2 
233 
24.6 
ffi(«) 
-
5009 
54.17 
54.89 
6016 
61.57 
6031 
58J4 
in lmoldm~' 
IE(%) 
-
5i07 
55.14 
57.64 
61.62 
64J1 
6147 
60.49 
CR(mn)py) 
23.20 
11.62 
10.69 
11.03 
9.20 
8.91 
9.20 
9.68 
In presence of AMOD 
WdgbtlossCmg) 
113 
9.1 
8.6 
7.4 
5.2 
4.1 
&2 
lOS 
IE(«) 
81.85 
85.43 
86.12 
88.14 
91.66 
93.43 
90.05 
82.49 
' HQ in die absence and presence of AMCX) at 30"C for 3h 
CR(mmpy) 
23J20 
11.08 
1037 
9.79 
8.87 
8J25 
8.67 
9.13 
In presence of AMOD 
Weight loss (mg) 
113 
8.8 
7.1 
6.8 
4 3 
2J 
4 3 
9.6 
IE(%) 
81.85 
85.87 
88.66 
89.11 
91.03 
95.99 
92.74 
84.61 
CRCnwapy) 
4.21 
338 
3.20 
2.74 
1.93 
132 
230 
4.06 
CR(nuopy) 
421 
3.27 
2.63 
232 
Z08 
092 
1.67 
337 
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TaUe3 
\teiation of oxrosioo panmeteis (»[1X-1(X)] for nuld sted in 1 nx>ldm~^  HG m the abscDK 
[TX-100](moldm-3) In absence of AMOD In piesence of AMOD 
Weig^ loss (mg) IE(%) CRimapy) Weight loss (mg) IE(%) CRCmmpy) 
0.0 
0.01 
0.QS 
0.075 
0.10 
0.20 
0.30 
0.50 
62.4 
23.9 
22.3 
2a4 
16.0 
15.0 
15.8 
17.7 
61.45 
63.48 
67.52 
73.12 
75.82 
74J4 
71.43 
23.20 
8.91 
8.91 
8.44 
7.50 
6.21 
5.59 
6.60 
fl.^ CRo,wi 
113 
7.2 
6.1 
5.8 
Z6 
1.4 
1.7 
4.8 
- CRi,wi 
81.85 
88.47 
90.15 
90.65 
95.67 
97.63 
97.27 
9115 
4.21 
2.67 
2.28 
116 
1.04 
OM 
a63 
1.82 
0.1 0.2 0.3 
Concenirrtion (moidnH) 
0.4 0.5 
Hg. 1. VKiatkn of iidiibitioD efficieocy on [antKtmt] in dnence ami pies-
ence of /MOD (X. CIAB: O. SDS: • . TX-lOO: A. CTAB-t-AMOD; • . 
SDS + AMOD: A, TX-lOO-i-AMOD). 
strate that AMOD in presence of surfactant acts as more effective 
inhibitor at different temperatures up to 60 °C. 
Surface coverage (9) was calculated by using following rela-
tionship: 
CRo.wl 
(4) 
The surface coverage (9) at different concentrations of surfactant 
in the range from 1 x 10~^ mol dm~^ to 5 x 10~* mol dm"' in 
the presence of SOOppm AMOD has been evahiated by weight 
loss method. The tenqieratare was kqjt constant at 30 °C and 
the immersion time was 3h in 1.0moldm~' HCL The data was 
tested graphically by fitting to various isotherms. A straight line 
was obtained on plottii^ log 0/(1 — ff) versus log C (concen-
tration of surfactants in moldm~') as shown in Fig. 4 which 
suggests diat die adsorption of AM(X) in presence of surfac-
tant on mild steel follows Langmuir's adsorption isotherm. The 
adsorption of AMOD on mild steel surface is enhanced in pres-
ence of all Ae tested surfactants. This may be due to the ionic or 
hydrophobic interaction between die surfactant molecules and 
AMOD. 
In Older to evaluate the heat of adsorption (Qa) and to deter-
mine the nature of adsorption, logarithm of 9/(1 — 9) was plotted 
against l/T, where Tis solution temperature (Rg. 5). The beat 
of adsorption (Qd) was calculated firom the slope {—Qi/2.303R) 
of the plot and its values are listed in Table 4. 
1 3 5 
Add Concentration (N) 
Hg. 2. VMitrtiaa of inUUtion efflcieacy oo Piydrochkiric add] (• , TX-
100-t-AM(»;A.SDS-fAMOO:O.CIAB-l-AMOD). 
30 40 50 60 
Temperature (*C) 
Fig.3. >MalioooflnliitiltiaaeflicieDcyaotenipentiiieinlmoldm~^Ha(4 
TX-lOO-i-AMOD: A. SDS+AMOD; Q. CIAB-l-AMOD; A, AMOD). 
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0.0 
53J 
-1.4 -1.0 -0.8 
LogC(ppm) 
Fig. 4. Uu^piwir's adMiptknisolbennpfcjIs Cor die adsoqMiaa of surfactants 
in pieseDce ot AMOD in 1 moldm'^ HO on the suibce of mild sted ( • , 
TX-100+AMOD; A, SDS+AMOD; Q CIAB+AMOD; A. AMOD). 
3.0 3.1 3.2 3.3 
(-fxiO*)K-' 
Bf. 5. Antenius plot for iog(0/l-9) vt. l/T (A. TX-IOO-i-AMOD; x. 
SDS+AMOD: O. CIAB+AMOD; A. AMOD). 
An alternative fbimola of the Aidienius equation for rate in 
transitioa state is given by 
rate 
RT fAS\ ( AH\ (5) 
where A is tlie Plank's constant, iV.Ae Avogadro's numbei; 
j ; is tiie gas constant, AS tbe entropy of activation, and AH 
Fig. 6. Aidienius (dot for )og(.CX/T) versus l/T (A. IX-IOO+AMOD; x. 
SDS •»• AMC»>..0. CIAB+AMCN>; A, AMOD; • . Uank). 
tbe entbalpy of activation. A plot of log(CR/T) versus l/T 
in presence of surfactant and AMOD gave a straight Une 
(Fig. 6) with slope of (-AHf2.303R) and an intercept of 
[0.og{Ji/Nh)+(AS/23O31t)]. The values of A5 was obtained 
fiom die intercept and AH was evahiated &om tbe slope and 
are presented in TMt 2. The values of endialpies were found to 
be lower in presence of sur£Ktants. However, AS values were 
found to be higher in presence of surfactants dian those found in 
fiee acid solution. Free energy of adsorption (ACads) was cal-
culated by using die following equations [12] and its values are 
given in Table 2. 
AG«h = -RT]a(S5.5K) 
where K is equilibrium constant and is given by 
0 
K = C(i-9) 
(6) 
(7) 
where 9 is degree ci sur&ce coverage of the metal surface, 
C die concentration of surfKtants in moldm'^, R gas con-
stant and ris die solution temperature. ACaa* vahies calculated 
for all surfactants in ptesenoe of AMOD is found to be nega-
tive and die absolute values were less than —40kJmol~' (Le. 
-9J6kcalmol-'). 
TMeA 
Ilie tfacMDodyiianw activadon parameters to die comniin of miU ated in dK absence and piesenn of suifac^^ 
[Inhibiloc] (ppn) 
0.0 
300 
500 
500 
500 
[Suiftetant] (moldm~^) 
0.0 
0.0 
0.2 (CIAB) 
0.2 (SDS) 
0.2CIX-100) 
-AJ!f(kImol-') 
47.41 
101.41 
29.90 
29.16 
4a74 
-Asasr 
205.24 
215.98 
231.86 
234.16 
238.18 
'mol-') -ACkQJmoI-') 
-
30.24 
34.90 
33.71 
29J0 
-QiOJmol-') 
_ 
18.02 
30.43 
23 J6 
1435 
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u? 
g-200 
SJ-300 
> g-400 
• " i * * 
^-500 
| - « o o 
a. 
" 
• 
_ 
1 1 N z ^ 3 » ^ * . 
^2 
^ ^ ^ 1 
^ 1 
0.001 0.01 0.1 1 
Current Density (m A Cm-2) 
10 
Fig. 7. Fotendodynainic {xdarization curves of mild steel in 1 moldm'^ HCl: 
(1) bUnk; CD TX-lOO-t-AKKX); (3) SDS+AMOD; (4) CIAB-t-AMOD; (5) 
AMOD. 
Tables 
Wues of £ ^ , / c o , and IB fiw the cofTOsion of mild steel under varying coodi-
tions of sokitioa compositioa at 30<'C 
Solutim composkfon 
Ha 
HQ-i-AMCO 
Ha-FAMCH>+CIAB 
Ha-i-AMOD-fSDS 
Ua-l-AMOD-t-TX-lOO 
-Ec„(m\) 
SO? 
526 
S21 
519 
514 
4ar (inAcm~^) 
0360 
a036 
a032 
aa2] 
aoi2 
ffi(«) 
— 
89.85 
90.87 
94.12 
96.53 
3.Z Potentiodynamic polarization studies 
Tbe polarizadoo behaviour of mild steel in 1 mol dm~^ HQ 
containing 02 mol dm~^ surfactant (SDS, CTAB, TX-lOO) and 
SOO ppm AMOD at 30 °C were recorded and are shown in Hg. 7. 
Electrochemical parameters such as corrosion current density 
(.IcoaX corrosion potential (Eam)f sod percentage inhibition eiffi-
ciency (%IE) were calculated from TaftA plots and their values 
are given in Table S. Tbe IE was calculated from tbe Tafd plots 
by using Eqs. (2) and (3). 
4. Discnadon 
4. J. Weight loss measurements 
The increased IE in die presence of sur&ctant (Fig. 1) may 
be attributed to die adsorption of surfactants [13,14] and AMOD 
to tbe mild steel sur&ces. Hie anionic sur£Ktant (SDS) tends to 
adsorb on die sorfKe due to electrostatic interactions Arou^ 
ttie bead groups. The sur&oe adsorption of CTAB may take 
place via hydrogen bonding or odier attractive dispersion forces. 
The adsorptioa of non-ionic surfactant. Le. TX-lOO involves 
hydrogen bondiog between surface hydrogen atoms and proton 
acceptors in pciat group and die hydio|^bic bonding between 
the sur&ce and the hydrocarbon tails. The increase in [surfac-
tant] leads to the association of the adsorbed surfactant into 
aggregates to Conn monolayer coverage called hemimicelles. 
Hie surfactants are effective even at dieir low concentrations. 
At low ooncenUations, the surfactant monomers are adsorbed as 
incfividnal ions/molecales without mutual interactions. 
At higher concentrations, tail-tail interactions of surfactants 
may begin to cause association of die adsorbed surfiurtants 
aggregates into an additional coverage beyond the monolayer, 
i.e. admicelles or bilayer formation. The surfactant monomers 
headgroups of tbe first layer faces the surface while those of 
the second layer face the bulk solution. Thus tbe increase in 
concentration of surfactant solutions increases the surface cov-
erage from coverage at lower [surfactant] to bilayer coverage 
at higher [surfactant]. The addition of AMOD to the surfac-
tant solution further increases the IE as illustrated by Fig. 1. 
AMOD is poorly soluble ia water and it exists in the protonated 
form in acidic solution. The noo-ionic surfitctaots, TX-lOO and 
anionic SDS bind widi AMCX) dirough electrostatic interaction 
[IS]. Thus TX-lOO and SDS help AMOD to adsorb at the sur-
face more firmly and, therefore, di^Iay higher IE. The IE in 
CTAB is still higher but lower as compared to TX-lOO and SDS. 
It may be due to tbe adsorption of AMOD to die surface by 
binding widi CTAB as co-ions or tiirougb hydrophobic interac-
tions. The adsorption of AMOD along widi surfactant results 
in the enhancement of the corrosion inhibition behaviour of 
AMOD. 
From Fig. 2, it is clear diat IE decreases widi increase in 
add concentration from 1.0moldm~^ to S.Omoldm'^ HQ for 
all die dicee surfactants (SDS, CTAB, TX-lOO) in presence 
of AMOD. The decrease in IE on increasing acid concentra-
tion is due to increased aggressiveness of the acid sohitions 
[16]. The variation of IE widi solution temperature is shown 
in Ing. 3. The small variation in IE with the increase in tem-
perature from 30°C to 60°C demonstrates that die inhitntive 
film formed on the metal surface is protective in nature in 
diis temperature range. A straight line was obtained on plot-
ting log(0/l - 6) versus log C as shown in Fig. 4 suggesting 
diat the adsorption of AMOD in die presence of surfac-
tants on mild steel surface follows Langmuir's adsorpti(» 
isotherm. 
The values of die heat of adsorption (Qj) calculated from 
slope ( -04 /2303/0 of die plot log d/(l - 0) versus l/T (Fig. 5) 
are presented in Table 4. The vahies of heat <^ adsorption for 
SDS, CTAB and TX-100 in presence of AMOD show die phys-
ical nature of adsorption [17). 
From die plot of togHCX/T) versus l/T (Fig. 6), die val-
ues of A// and AS wen deduced. The slope (-AHf2J303R) 
and intercept [0og(iaNh)+{AS/2.3Q3Ryi gave die vahies of 
A/ / and AS, respectively. The lower values of A// fw sur-
factants in presence of AMCH> indicate less energy barrier 
for die reaction in presence <rf surfactaitts [18]. The entropy 
of activation A5 in die absence and presence of die sur-
factants aloQg with AMOD are negative and large. This 
incficales diat die activated complex in the rate-determining 
step represents an association radier than a dissociation step, 
meaning that a more decrease in disordemess takes place 
during transformation from reactants to the activated com-
plex [19]. The absolute values of AGads calculated for all 
surfactants in presence of AMCND are found to be less dian 
-40kJ mol"' ( -9J6kcalnior*) suggesting diat all surfec-
tants are physically adsorbed on the metal surface [20]. The 
low and negative values of AGads indicate die spontaneous 
nature of adsorption of surfactants on die surface of mild steel 
[21]. 
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4.2. Potentiodynamic polarization Studies References 
533 
Various corrosion parameters such as Etna, ieaa, IB and CR 
were obtained from Fig. 7 and are given in Table 5. It is observed 
that tbe presmce of surfactant decreases /cair> values. Maximum 
decrease in Icon was observed for TX-lOO indicating diat TX-
100 is most effective surfactant among the tested surfactants. 
Ecoa values do not vary significantly in presence of surfactant 
suggesting that they are of mixed-type inhibitors (Le. they retard 
die corrosion reaction by blocking both anodic and cathodic sites 
oftbem^al)[22]. 
5. Conduskms 
1. SDS, CIAB and TX-lOO in presence of AMOD showed 
good performance as corrosion inhibitor in hydrochloric acid 
media. 
2. All of the fliree tested surfactants inhibited corrosion by 
adsorption mechanism and dte adsorption of these com-
pounds fcota acid solution followed Langmuir's adsorption 
isodierm. 
3. The examined surfactants acted as mixed inhibitors. 
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Abstract—^The conosive behavicx' of mild steel in IM HCl sdutions cmitaiiiing selected imidazolines of fatty 
adds with C7-C17 was investigated using weight-loss method, poteotiodynamic polarizatioa technique and 
scanoiiig elecroo atiaoscopy. The results < t^aioed revealed that aU &e staged 'umdaztAines are effective ia 
reducing corrosion of mild steel in HQ noedia. The adsoiption of die inhilxtois on the mild steel surface obeys 
Langmuir's adsoq)don isotherm. Hie thermodynamic parameters at adsoroticMi deduced reveal a strong inter-
action and spontaneous adsoiption of inhibitors on the mild steel surface, "nie influence of inhibitor concentra-
tion, sdution temperature, immersion time and acid concentratiini on the conosion of mild steel has also been 
investigated. Scanning electron microso^j^SEM) d mild steels sanqiles is pafonaed to show adsorption of 
inhibitors on metal surftce. Potentiodynamic polarization data showed that die compounds studied are mixed 
type inhibitors in die acid solution. 
PACS numbers: 81.6S.Kn 
DOI: 10.1134/S0033173207060124 
INTRODUCTION 
Mads aie esqiosed to actkm of acids in many indus-
trial and oommadal i{)(dicatkHis. Many m^iods are 
adopted to preveot oonofiica but die simple and cost e£fisc-
tive mednd is die use of oganic CODOSICH) intubitofs. 
Wbile devekpiiig oonosicHi intulHtar fiar metal and its 
alloys in conosive mndinm. it is Important to tnowmedi-
anism of dieir adsorption oa metal smface [1-4]. The 
pdat gfoap oi sax iiiliil»tor is fiequendy r^arded as die 
reaction ooitie fi]r tbe adsaiptioaprocess since die adsorp-
tion bond strength is detemmied 1^ the electron d e n ^ 
and pdaiizability of die foncticxial groc^ [5]. Qigaoic 
inhibitocs are aopkiyed in several induslnes: during die 
jHGlding (tf metals, cleaning of boilers, d l and gas wells 
acidizing, add descaling, in crude di^iUation towers in 
refineries to protect ove^ead condenseis, coolers, reflux 
drains and assodatedj^nng fimn excessive coorosioa [6-
7 ] . la continuaticm of our effort [8-19], in devdopment of 
oonosioD inhibitQis fer metals, die andiors have syndie-
sized a few derivatives sudi as 2-Undecane-13-Iimdazo-
line (UDI). 2-Nbaa)4-l>Imidaz(ime (NI), 2-Pentade-
cyt-13-lmida?nKnr (FD), 2-Hq>tade<^13-Tmidaznline 
Q1DI), 24I^yl-;13-ImidaznHne QS) were studied, and 
didrinhibitive actkn on cooosioa of mild sted in hydro-
chloric add are leporfed here. 
EXPERIMENTAL 
Material Preparation 
AR grade hydrochloric add (MERCK) and doubly 
distilled water were used when preparing test solutions 
for all the experiments. The inhibitors were synthesized 
in the labocatny following die procedure described ear-
lier [20] and ccxiqxHuids were diaracterized diioug^ 
their IR and NMR spectral data and their puri^ was 
confirmed by thin-layer duomatogn^y (TLC). Name, 
structural formulas, melting pdnts and molecular 
weight of die inhibitms are given in Table 1. 
Weight Loss Determination 
Ejqieiiments wenc pcifcsmed with cold rolled mild 
steel strip^  samples measuring 2.0,2S, and 0.2 cm, with 
an inqnirity conmosition of (wt %): 0.14% C, 0.35% 
Mn, 0.17% Si, 0.025% S, 0.03% P [21].The specimens 
were degreased with acetcMie and finally dried. The 
cleaned specimens were wdghed before and after die 
e;qieriments. Weight loss studies were carried out at 
various tenqieiatures ranging from 30 to 60*'C and for 
various immersion times from 3 to 24 hours. Tbe c m o -
sive sohiti(Mis used were made <^ AR grade 35% HQ 
using q>propiiate concentratioos of acid in doubly dis-
tilled water. The concentration range of inhibitcx-
en^lqyed was 100 to 500 mm in the hydrochloric a d d 
Ihe InhibMtm efBcienc^ (%) of die imiibittxs was cal-
culated by the equation: 
/£=^y^'xlOO. 
Here IE—initnticxi ^ d e n c y , CRc—cotrosicm rate 
of blank hydrochl<xic acid, CRj—cocrosicHi rate after 
adding inhilritcxs. 
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Table 1. Name and molecular structures of the compounds 
used 
SJSTo Strocture Designation 
and abbreviation 
N ^(CH2)6-CH3 
H 
N 
2-Hq>tayl 1-3 imidazoline 
(HI) 
a 
N ^(CH2),o-CH3 
H 
•N 
CK N XCH2),4-CH3 
H 
•N 
2-Nonayl-13-imidazoline 
(Nl) 
2-Undecyl-l,3-imidazo-
line(UDl) 
2-Pentadecyl-13- imidazo-
line (PDl) 
a. N \CH2),6-CH3 
H 
2-Ueptadecyl- 13-imidazo-
line(HDl) 
Potentiodynamic Polarization Studies 
For these studies, the above steel strips were par-
tially insulated with commercially available lacquer 
95 
85 
75 
65 
55 
45 100 200 300 400 500 
Inhibitor ConcTppm 
Elg. L Vniatioii of inhibitioa e£Bcieiicy (IE) with inhitntor 
coocenliatioa for lOklOO ppm concentntiao of inliiliilors 
(•, mX; X, NI; O, FIX: A. HDI; A, HI). 
leaving an exposed area of 1.0 cm .^ All the experiments 
were carried out at teiiq>erature (30 ± 1°Q. Stabilising 
time leading to steady state of the specimens was 30 
minutes. Polarization rate was ImV/sec. The studies 
were earned out using an EG & G Princeton A i ^ e d 
research (PAR) potentiostat/galvanostat (model 173), a 
universal programmo- (model 175) and an X-Y 
reoxder (model RE0089). A {datinum foil was used as 
auxiliary electrode and a saturated calomel electrode 
(SCE) was used as a reference one, and the above steel 
was used as woiking electrode. 
Electrochemical Impedance Studies 
hvpedance measuremeitts wiere performed with die 
above steel in IM HCl in the absence or presence of 
100,3(X), and 500 ppm of UDI in a finequency range of 
5 6to 100 kHz. A time interval of few mintues was 
given foft opea circuit potential (o.cp) to reach a steady 
value. All the measurements were carried out with a 
Zahner IM-6 electrochemical woricstaticMi at 30° ± 2°C. 
Scanning Elect mn Microscopy 
Scanning electron miaoscope (SEM) Model No 
435 VP LEO, was used to stucfy the moiphology of «»:-
roded surface in presence and absence of the inhibitors. 
Hie spedmeas wac thoroughly washed widi douMy 
distilled water before putting on the slide. The i^ioto-
gofbs were obtained Bom Ae most diaracteiistic part 
of qKdmen with a magnificati(Hi of 3000 \L The fol-
lowing specimens were examined: polished tested in 
IN HO, die same sdhition bat containing 500 iq>m of 
UDL 
RESULTS AND DISCUSSION 
Weight-Loss Studies 
The pocentage values of inhiUtion efficiency (% 
IE) and oxiosion rate (CR) obtained from weight loss 
medrad at different ocMicentrations at 30°C are summa-
rized in Table Z It was found that all of diese com-
pounds inhibit the cooosioo of mild steel in HQ sohi-
tion, at all coicaitiations used in this stu(fy i.e., 1(X) 
{^m-SOO p[Hn. The inhibition efficiency of diese com-
pounds increases with an increase in die ccmcentraricMi 
of inhihitOT as shown in Fig. 1. 
>^th an increase in tenqiefature from 30°C to 60°C 
(Hg. 2)./E of UDI, PDI, and 9 HDI NI and HI exhibit 
Iowa: IE altbou^ growing more steeply with tempera-
ture. 
Hie variation of /E in all fatty acid imidazolines 
widi immosion time is shown in Fig. 3. No significant 
change in /E occurred widi increase in immersion time 
from 3 to 24 h. This shows the persistency of the 
ttisotbed fetty acid imidazolines over a longer test 
period. 
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FiYMn Fig. 4, it is clear that the change in acid con-
centiaticMi (kes not cause any significant change in the 
IN of all the compounds studiml, therebjr suggesting 
that all the con^xHUids are effective inhibitcxs in acid 
solution of different concentrations. 
Application of the Principles 
of Chemical Kinetics to the Results. 
Adsorption Isotherm Studies 
The degiee of surfece coverage (0) for different con-
centratiOT of inhibitors in IN HQ at 30°C far 3 hour of 
inunosion time were evaluated fiom wei^t loss val-
ues. Hie data were tested grafdiically 1^ fitting to vari-
ous isodiernis. A straight line was obtamed on plotting 
log6/(l - 6 ) vosus log C as shown in Hg. 5, suggesting 
that the adsoiption of these conqwunds in HCl on mild 
steel smface follows Langmuir's ads(Hption isotherm. 
A plot of loge/(l - 6) versus l/T in Fig. 6, gives die 
values to calculate heats of adscxption (Q) with a slope 
(-Q/2.303R). TTie values depicted in Table 3. Their 
lower values show the physical nature of the adsorption 
[22]. 
It was rqxnted by a number of audiors [23-25] diat 
m acid s(dnti<Hi, the logaridun of the conosion rate is a 
linear functicxi of l/T (Arrfaenius equation): 
v/bea, E^ is aiq>arent effective activaticHi energy, R is . 
ibe general gas constant, and A is Arrhenius preopo-
nential factor. A log flat of c(Hiosion rate versus l/T 
gave straight line as shown in Hg. 7. The values of acti-
vation energy (£f ) ot^tained fi:om die sk>pe of die lines 
are given in Table 3. An alteniative f(»inula of the 
Airiienius equatitn for the transition state is: 
RTX 
Table 2. Cotrosion parameters for mQd steel in IN HCl in ab-
sewx and presQoce c^ diffojent coiKxntcatioDS (^ various inUiM-
tors firm wdgbt loss measunanoit ^  30°C far 3 fa 
RATE 
' ^Kx)«p(-
where, h is die Flank's constant, N—the Avogadro's 
number, S"—the e n t n ^ of activation, and H"—die 
enthalpy of activatioiL A plot of log (rate/T) versus l/T 
give a s t r a i t line (Fig. 8) widi a slope of (-^H!V2.3Q3) 
and an intercept of [(log(R/Nb) + (ASP/1303 R)]. fiom 
wluch the values of S" and H** were dtiermined and are 
listed in Table 3. The dstta show that die thermodynamic 
activation function (£^) for inhibited system lower 
dian diose in the five add scdntion indicatii^ diat all 
inlnbifors exhibit bi^ efficient^ at elevated teinpeia-
tuie [26].11ie H** values for aU the inhibitors are lowo-
than diose in the fiee add solution indicating less 
energy barrier for the reaction in presence of the inhib-
itor is attained. The entropy of activation S° in the 
absoice and ixesenoe of the iiAibitns ate large and 
nq^tive. This indicates that die activated con^lex in 
Concentration Weightloss 
(ppm) 
HQ 
UDI 
100 
200 
300 
400 
500 
Nl 
100 
200 
300 
400 
500 
PDI 
100 
200 
300 
400 
500 
HDI 
100 
200 
300 
400 
500 
HI 
100 
200 
300 
400 
500 
(mg) 
68.12 
23.6 
16.7 
9.9 
63 
1.1 
24.8 
19.6 
12.0 
8.1 
2.7 
27.1 
22.4 
14.7 
10.0 
4.0 
27.9 
24.9 
16.8 
lOJ 
6.0 
29.9 
27.1 
18.7 
123 
9.6 
1.E 
(%) 
-
65.23 
7521 
85.32 
90.61 
98.31 
63ii7 
71.12 
82.27 
88.10 
96.03 
60.10 
67.04 
78J1 
85.22 
93.99 
59.01 
63.41 
75.20 
84.81 
90.88 
56.10 
60.09 
72J0 
81.93 
85.80 
C.R 
(mmpy) 
25.31 
8.80 
6.29 
3.71 
2.37 
0.42 
9.22 
7.30 
4.48 
3.01 
1.00 
10.09 
8.34 
5.48 
3.74 
1.52 
10.37 
9.26 
6.27 
3.84 
2.30 
11.11 
10.10 
6.96 
4.57 
3J9 
the rate determining step n^nesents an associati(Hi 
rather dian a dissociation step, meaning that a decrease 
in disotdemess takes place oa going from reactants to 
die activated conqilm [27]. Free energy of ads(»ption 
( A G ^ was calculated by using the fdlowing equations 
[28] and die values are given in Table 3. 
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IE.% 
100 
98 
96 
94 
92 
L 
30 40 50 60 
Temperature (°C) 
F ^ Z ^nation of inhibidoii efficiency (IE) with solution 
tenq)eratuie in IN l^ drodhloric acid for 500 {nm ccHicen-
tiatioa of die inhibikas (X, UEK; • , NI; O, PDI; A, HIH; A, HI). 
IE.% 
99 
98 . 
97 
94 
91 
90+ 
QURAISHI et al. 
IE,% 
100 
95 
80 
85 
80 
' 1 ^ ' T ^ * — ' 
3 6 9 12 24 
Immersion Time (h) 
Fig. 3. Variation oi inhibition efficien^ (IE) wifli immer-
sion time in IN faydFoddoik acid for SOO ppm coaceBtOr 
tion of inhibiton (x, UIX; • , NI; O, PN; • , HIM; A, HI). 
IN 3N 5N 
Acid coDcentratioD (N) 
- 2 J -2.3 -2.1 -1 .9 -1.7 -13 
logC(M) 
F ^ 4L Variatioa of inhibitioa efficiency (IE) in IN hydro-
chloric add for SOO ppm coocoitiatioo of inhibttois (x, 
UM; • . NI; o, PIM; A, HES; A, HD. 
Fig. 5.1 juigmniifa adsoq>tioii isothemiplots for the adsorp-
tionof various inhifaiKn in IN iQpdrochioric acid on die sur-
face of mild steel (x, VtA;; Nl; O, PIX; A, HIM; A, HI). 
AG«u = -RTlniSSSK), 
and AT is given by: 
e K = 
c(i-e)' 
where 0 is degree of coverage on the metal snrfoce, C is 
concentratioo of inhibitor in mde/l, K is eqnilibriuin 
constant, R is gas constant, and T is temperature. It has 
been found dut the values of AG^ is less than -40 
kJ/oKd (-9J6 kCal/mol) indicating diat the imidazo-
lines are i^ysically adsorbed on the metal sui&ce 
[29].The negative value of AG^ indicates die qxMitane-
ous ads(xpti(xi of inhilntor oa the surface of mild steel 
[30]. It was also found diat the value of activation 
energy of die inhibited systems were lower dian diat of 
uninhibited system. PutOova [26] has reported diat dus 
type of inhilntor is effective at higher tempoatures. 
Hie plot of log (weig^ loss) vs immersion time, 
gave a strai^ line as shown in Hg. 9 indicating that die 
reaction is &st (nrder. The value of the rate constant was 
calculated using the first ordo- rate law [31]. 
, 2.303, MoV 
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e 
3.0 3.1 3.2 3.3 
[(l/I^xlO'j/JAKr-i 
F ^ 6. Adsorption isothom plot for log(6/l - 0 ) vosus 
1/T (X, UM; • , NI; O, PTH; A, HIM; A, HI; *. Blank). 
log 
2.0 
1.5 
1.0 
0.5 
0 
-0.5 h 
-1.0 
CR] 
3.0 3.1 3.2 3.3 
Kl/DxlG^rK-i 
Fig. 7. Ads<Mption isotberm plot fat log(CR) versus l/T 
(X, UDI; • , NI; O. VTA; A, HM; A, HI; *, Blank). 
wbere AQ is die intial mass of die metal and A is die 
mass conesponding to time t The half life (tj/j) values 
were calculated using eq. [32]. 
t,a = 0.693/Jfc. 
The rate ciHistant and half-life (ti^ j) vahies obtained 
firom the above equation are summarized in Table 4. 
The half life vahtts were found to be constant at differ-
ent immersion times. This constanty further confirmed 
that die mild steel crarosion in IN H C in presence of 
different inhiUtors follows the first order kmedcs [33]. 
PiHentUxfynamic PoUwizption Studies 
Hie cocPosiiHi parameters such as E^om ^cam JE, and 
CR obtained fix>m Hg. 10 are givrai in Table 5. Hie 
presence of the imidazolines decreases (con> values. The 
maximum decrease in !„„ was observed in the case of 
UDL The trend of the / £ is the same as in the weight 
loss study. The ^ ^ values show in significant change 
in presence of all die imidazolines in the acid solnti(Hi 
suggesting that all diese compounds are mixed type 
inbibitCMS (Le., diat is, blockade both anodic and 
cathodic sites of the metal). 
Electmchenucal Impedance Studies 
Table 6 includes the results of impedance studies 
and Fig. 11 shows Nyquist plots in the absence and 
presence of 100,300, and SOO ppm of UDL Hie plots 
are not perfect senudides, \\4iich can be attributed to fre-
quency diqieracHi [34]. Hie Rt and Cdl values were cal-
culated ficMn Nyquist plots as described dsevitien [35]. 
The pooentage/E was calculated using equaticm [36] 
Table3. IlKnnodynamic activation paramctas for mild steel 
in IHainabseooeandpresencec^iiihihilorsofSOOppmooii-
ceotratioD 
Table 4. First order rate constant and half life values in 
hours (h) for the cocrosion (tf mild steel in IN HQ in absence 
and presence <tf inhibitracs of 500 i^ nn at 30° 
Cmcen-
tnitimi 
SOOpfMn 
Blank 
UDI 
NI 
PDl 
HDl 
HI 
KJmd-' 
47.59 
23.71 
24.76 
23.77 
29.75 
30.73 
-AH 
KlmoH 
50J23 
26.35 
27.40 
32.42 
32.39 
43.37 
-AS 
JmoVKr' 
159J1 
203.73 
202.20 
198.75 
192.43 
186.19 
KJmjrf-' 
-
38.41 
37.12 
36.25 
35.81 
32.10 
-Q 
KJmid-' 
-
23.66 
23.04 
18.08 
18.62 
7.40 
System 
INHQ 
UDI 
NI 
PDl 
HDl 
HI 
KxlO-^h-' 
32.79±0.141 
3.83 ±0.221 
5.41 ±0.201 
10.78 ±0.187 
11.95±0.156 
14.83±0.134 
t|/2.1» 
21.15 
180.93 
128.00 
64.28 
57.99 
49.89 
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log [^] 
3.0 3.1 3.2 33 
[(l/T) X lO^fK-i 
F1g,8.A(lsQrptioaisotbennplotf(H'lQg(CR/T) vtxsasl/T 
(X. UIM; • , NI; O. PM: A. HDI; A, HI: *. Blank). 
log (wt. loss) 
0 
12 
Time(h) 
F ^ 9. Plot of log (weight loss) vs ImoMfsion tune (•, UDI; 
X, NT; o, PEH; A, HM; A, HI; T, Blank). 
%IE = {VR,„)-{l/R,d xlOO, 
v/bete Rto and R^ are charge transfer resistance without 
and with inhibiloi; respectively, and are given in TaUe 6. 
/?/values incxease widi an increase in ^ iahibitcs-oxi-
centratioo (UDI), v^ch in turn leads to an increase in 
the inhibition e^aency. Adding UDI to IM HQ lowers 
tbe Cdl values, so that die inhibiti<Hi can be attributed to 
the ads<»i)tion of the inhibits [37]. 
Scanning Electron Microscopy 
It is seen in Fig. 12 that the surface cf mild steel 
iituneised in the inhabited solution is smoother dian diat 
in IN HCl alone. These observati(His suggest that inhib-
itors form protecdve layer on tbe metal surfoce and pre-
vent attack of add cm metal surface. 
Mechanism cfthe Corrosion Inhibition 
Inhibiting the mild steel ctxrosion in tbe add solu-
tions by the &t^ add imidazolines can be based aa 
molecular adsoipti(»i. It is apparent from tbe molecular 
structures diat these conqxHinds are able to adscsb oa 
the metal surface duough ic-electrons of aromatic ring 
and lone pair of electrms of N, O, and S atoms [38]. 
Tbe presence of long hydroidiotMc diain also contrib-
utes to IE by keeping the add solution away from the 
metal surface. Among die compounds investigated in 
die present study, die order of/£" is as follows: 
UDI>NI>PDI>HDI>HI 
TaUe 5. HectFOcbemical polanzation parameters for tbe Table 6, £iectrodiemical inqiedaace parameters far mik) 
conosion of mild steel in IN HQ OHitaiiiing SOOppm inhib- steel in IM HQ containing different concentratioas at UDI 
itorsatSO^ at 30*0 
CoDcentrati<» 
ppm 
HQ 
UDI 
Nl 
re>i 
HDI 
HI 
^onrnV 
-461 
-480 
-476 
-466 
-479 
-493 
IcopmAcm'' 
0360 
0.033 
0.037 
0.085 
0.120 
0.150 
1E,% 
90.83 
89.72 
76.38 
66.66 
5833 
Concentration 
IMHQ 
UDI 
100 
300 
500 
Rf, dmcnr 
36.02 
86.95 
141.30 
304.34 
C<B,jiFcm-2 
1511J0 
946.84 
776.92 
315.22 
]£,% 
-
58.48 
74.45 
88.13 
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Potential (mV vs. SCE) 
300 
400 
500 
600 
6 5 
^^f^^^ 
, V 2 ^ ^ * , 
^^2 /^3 
1 
^l 
1 
0.001 0.01 0.1 1 10 
Current density (mA cm""'^ ) 
Fig. 10. Potentiodynamic polarization curves of mild steel 
in IN hydrochloric acid containing 100 ppm concentrations 
of various Imidazolines 1) Blank, 2) Nl. 3) UDI, 4) PDI, 5) 
HDI, 6) HI. 
ZiM/ohm cm 
300 
Zjje/ohm cm' 
400 
2 
Fig. 11. Nyquist plot of mild steel in IM hydrochloric acid 
in the absence and presence of 100, 300, and 500 ppm of 
UDI 1) Blank. 2) 100 ppm UDI, 3) 300 ppm UDI. 4) 500 
ppm UDI. 
(C„)(Q)(Ci5)(Cn)(C7) 
It was observed that IE of the tested imidazolines 
increased with an increase in chain length up to CCn A 
further increase in chain length up to C^ was found to 
decrease the IE. 
CONCLUSIONS 
The fatty acid imidazolines perform well as corro-
sion inhibitors in hydrochloric acid media. 
All the imidazolines tested inhibit acid corrosion by 
adsorption mechanism following Langmuir's adsorp-
tion isotherm. 
The Inhibition effiency increases with an increase in 
the inhibitor concentration, but does not change signif-
icantly with an increase in temperature or immersion 
time. 
The lower heat of adsorption (Q), as well as lower 
values of AG.^^^, indicates that the inhibitors are physi-
r 
^ « <tl!< 
f ^ ^ « V - . ^ '• 
(a) 
\ 
• ^ me •wn' •'Eii ..A-
(b) 
- V ^ 
^ 
' I * * 
Fig. 12. Scanning electron micrograph-s for mild steel sur-
face in the absence and presence of inhibitors a) mild steel 
in IN HCl, b) polished mild steel, and c) mild steel in pres-
ence of UDI. 
cally adsorbed on the metal, while a negative AG.^^ 
indicates the spontaneous adsorption of the inhibitor at 
the surface of mild steel. 
Lower values of thermodynamic activation function 
(£^) for inhibited system than those in a free acid solu-
tion indicate that all the inhibitors exhibit high effi-
ciency at elevated temperature. 
The lowest enthalpy AH" necessary for any of the 
inhibitor to overcome the least energy barrier to make 
the reaction proceed in the presence of the inhibitor. 
The entropy of activation ASO° in the absence, as 
well as presence, of the inhibitors are large and nega-
tive. This indicates that the activated complex in the 
rate determining step represents an association rather 
than a dissociation step. 
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All the compounds examined acted as mixed inhib-
itors in HCl. 
Scanning electron microscopy studies shows that 
inhibitors jxevent corrosicHi by adsoption on the metal 
surfece thus preventing attack of add. 
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Abstract 
Purpose - This paper mainly aims to study the influence of some thiosemlcarfoazides, namely, 1-hydroxyphenyl-4-phenyl thiosemicarfaazide (HPT), 1,4-
diphenyl thiosemicarfaazide (DPT). 1-aminophenyl-4-phenyl thiosemicarbazide (APT) and 1-dnnamyl-4-phenyl thiosemicarfaazide (CPT) on the corrosion 
inhibition of caiixxi steel in hycfrochloric and sulphuric add. 
Design/methodology/approadi - All inhibition experiments were conducted on carfaon steel in IN HCI and IN H2SO4 solution. Weight loss 
experiments were carried out according to the ASTM standard procedure. Polarization studies were canied out in a three-electrode cell assemfaiy 
connected to an EG&G Princeton applied research potentiostat/gah'anostat (model 173). 
Findings - For all the compounds a consistent trend of increase in inhifaition efficiency was observed as a function of inhibitor concent-ation. The 
adsorption of all the compounds on to the cariion steel sivface in the acidic solution was found to obey the Tempkin's adsorption isothemiL The values 
of activation energy and free energy of adsorption for all the compounds were also calculated. Polarization measurement revealed that tiie studied 
thiosemicart)a2ides act predominantiy as mixed inhibitors in boti) tiie add solutions, with the exception of DPT, which predominantiy behaved as a 
cathodic inhibitor in IN HO. 
Research limitations/implications - These inhibitors could have application in industries, where hydrochloric and sulphuric acid solution are used to 
remove scale and salts from steel surfaces, such as add deaning of tankage and pipeline, and may render dismantiing unnecessary. 
OriginalityAralue - This paper reveals tiiat thiosemicariiazides can be successfully used for protection of cartwn steel conrosion in acid solutions. 
Keywords Adds, Corrosion inhibitors. Steel, Chemical tests 
Paper type Research paper 
Introduction 
Organic compounds are widely used in vaiioiis industries for 
preventing corrosion in acidic environments (Clubley, 1990; 
Raman and Labine, 1989; Cizek, 1994). The corrosion 
inhibition e£5dency of organic compotmds is coimected with 
their adsorption properties. The effea of the adsorbed 
inhibitor is to protect die metal from the corrosive mediimi. It 
has been observed diat the adsorption mainly dq>ends on the 
presence of 7r-electrons and heteroatoms, ^^ch induce 
greater adsorption of die inhibitor molectiles onto the 
surface of carbon steel. The compoimds containing both 
nitrogen and sulfur are of particular importance as they often 
provide excellent inhibition, compared with compoimds 
containing only nitrogen or sulfur (Schmidt, 1984). 
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In continuation of the work on the development of N- and 
S-containing corrosion inhibitors for acidic solutions 
(Quraishi a oL, 1996, 1997a, b; Quraishi and Jamal, 2000a, 
b, c), the corrosion inhibiting behavior of thiosemicarbazides 
namely, l-hydroxyphenyM^henyl diiosemicarfoazide (HPT), 
l,4-diphen3i diiosemicarfoazide (DPT), l-aminopbenyl-4-
phenyl thiosemicarbazide (AFT) and l-cinnamyl-4-phen^ 
thiosemicarbazide (CFT) on carbon steel in acidic solutions 
has been investigated. 
Experimental 
Cold rolled carbon steel strips of size 2 X 2.5 X 0.025 cm 
(C = 0.14 percent Mn = 0.35 percent. Si = 0.17 percent, 
P = 0.03 percent and the balance iron) were used for weight-
loss measurements. For potentiodynamic polarization studies, 
carbon steel strips of the same composition, coated with 
lacquer with an exposed area of 1 cm^ were used. Electrodes 
were polished with emery papers of 1/0,2/0, 3/0 and 4/0 grade 
and degreased with trichloroethylene. 
AR grade HQ and H2SO4 (supplied by die MERCK 
Chemical Company) was used for preparing solutions. 
Double-distilled water was used to prepare solutions of 1 N 
HCI and 1 N H2SO4. These thiosemicarbazides were 
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synthesized as described earlier (Kittur and Mahajan Shettij 
1984). Weight-loss measurements were carried out as 
described earlier (Mathur and Vasudevan, 1982; ASTM). 
Potentiodynamic polarization studies were carried out using 
an EG&G PARC, Model 173, potentiostat/galvanostat and a 
Universal Programmer Model 175, with Jt-Frecorder, model 
RE 0089. All the experiments were carried out at room 
temperature (28°C ± 2°C). A platinum foil was used as the 
auxiliary electrode and a saturated calomel electrode was used 
as the reference electrode for potentiodynamic polarization 
studies. The molecular structures of these thiosemicarbazides 
are given in Table I. 
Results 
The values of inhibition efficiency and corrosion rate obtained 
from weight loss measurements for different concentration of 
the compounds are given in Table 11. The inhibition efficiency 
increases with the increase in inhibitor concentration as 
shown in Figures 1 and 2. The variation of inhibition 
efficiency with increase in acid concentration is shown in 
Figures 3 and 4. It is dear that inhibition efficiency of DPT 
increases with the increase in add concentration from 1 to 3 
N. The influence of temperature on inhibition efficiency is 
shown in Figures 5 and 6. It was observed that inhibition 
efficiency decreased with an increase in temperature ftova. 30 
to 50°C. The effect of immersion time on inhibition efficiency 
is shown in Figures 7 and 8. It was found that inhibition 
efficiency of DPT increased with an increase in immersion 
time, while the inhibition efficiency of all other compounds 
decreased with an increase in immersion time. The values of 
corrosion rate and inhibition efficiency of thiosemicarbazides . 
at optimum concentration at different temperature are given 
in Table in . 
The inhibition efficiency of the compounds followed the 
order: 
HPT < DPT < APT < CPT 
The vahies of activation energy (£») were calculated using the 
Arrhenius equation (Schorr and Yahalom, 1972; Vashi and 
Champaneri, 1997): 
Table I Molecular structures of the thiosemicarbazlde derivatives 
Anti-Corrosion Metliods and Materials 
Vbhime 55 • Number 2 • 2008 • 60-65 
KS -E,AT 
where, rj and r2 are corrosion rates at temperature Ti and Tz, 
respectively, and AT" is the difference in temperature (TrTi). 
The free energy of adsorption (AG,<js) at different 
temperatures was calculated from the following equadon: 
AGad, = -RThi{55.5/C) 
and K is given by: 
K = e 
C(i - e) 
where, 6 is degree of coverage on the metal surface, C is the 
concentration of inhibitor in mole/litre, and K is equilibrium 
constant. The values o f f , and AGjjs i^re given in Table TV. 
A plot of log of 0 vs log C gave straight lines in both the acid 
solutions (Figures 9 and 10). 
In the Electrochemical polarization study, the polarization 
behavior of carbon steel in 1 N HCl and 1 N H2SO4 in 
absence and presence of 500 ppm inhibitor concentration is 
shown in Figures 11 and 12. Electrochemical parameters such 
as corrosion current density (/corr) and corrosion potential 
(fcorr) calculated from Tafel plots are given in Table V. 
Discussion 
It was observed that all the compounds inhibited the 
corrosion of carbon steel in 1 N HCl and 1 N H2SO4 at all 
concentration imder investigation. The maximum inhibition 
efficiency obtained at 500 ppm concentration shows the 
maximum adsorption of inhibitor on mild steel svafzce and a 
further increase in inhibitor concentration does not bring 
further adsorption and hence no further increase in inhibition 
efficiency. The inhibition efficiency does not give any 
particular trend by the change in acid concentration. It was 
observed that inhibition efficiency for three compounds, viz. 
HPT, APT and CPT, decreased with an increase in 
temperature from 30 to 50°C, indicating that he inhibitors 
are effective at low temperature. With the variation in the 
S.No. Structure Designation and abbreviation 
1. 
o s 
(C^—C—NHNH—C—NH {(Tj) 
o s 
(C~j)—C—NHNH—C— NH ( ( j S 
^NHj 
O S 
< ; ^ — C H = C H — C — N H N H — C — N H — ^ ^ ^ 
1-hydroxyphenyl-4-phenyl thiosemicarbazlde (HPT) 
1,4-diphenyl thiosemlcarbazide (DPT) 
1-aminophenyl-4-phenyl thiosemicarbazlde (APT) 
l-cinnamyl-4-phenyl thiosemicartazide (CPT) 
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Table II Corrosion parameters for carbon steel in 1 N H2SO4 and 1 N 
HCI in the absence and presence of various inhibitors from weight loss 
measurement at 25°C 
IN H2SO4 IN HCI 
Inhibitor Weight Weight 
concentration loss IE ' CR loss IE CR 
(ppm) (mg) (percent) (mmpy) (mg) (percent) (mmpy) 
Figure 2 Variation of inhibition efficiency with inhibitor concentration 
in 1 N HCI (1. HPT; 2, DPT; 3, APT; 4, CPT) 
Blank 
HPT 
100 
200 
300 
400 
500 
DPT 
too 
200 
300 
400 
500 
APT 
100 
200 
300 
400 
500 
CPT 
100 
200 
300 
400 
500 
166.2 
18i 
12.6 
8.3 
7.4 
5.3 
11.6 
6.9 
3.3 
2.3 
2.1 
20.7 
11.6 
7.9 
33 
1.6 
83 
43 
33 
1.2 
0.8 
-
89.0 
92.4 
95.0 
95.5 
96.8 
93.0 
95.8 
98.0 
98.6 
98.7 
87.5 
93.0 
95.2 
98.0 
99.0 
95.0 
97.4 
98.0 
99.3 
99.5 
61.7 
6.76 
4.68 
3.08 
2.75 
1.97 
431 
2.56 
1.22 
0.85 
0.78 
7.69 
4.31 
2.93 
1.22 
0.59 
3.08 
1.59 
1.22 
0.44 
0.29 
93.4 
8.2 
7.5 
5.8 
5.2 
4.6 
8.7 
6.4 
5.2 
4.6 
3.5 
5.6 
3.7 
2.8 
2.2 
1.2 
5.2 
3.7 
2.4 
M 
0.6 
-
91.2 
91.9 
93.8 
94.4 
95.1 
90.7 
93.1 
94.4 
95.1 
96.2 
94.0 
96.0 
97.0 
97.6 
98.7 
94.4 
96.0 
97.4 
98.7 
993 
34.69 
3.05 
2.79 
2.15 
1.93 
1.70 
3.23 
2.38 
1.93 
1.70 
1.30 
2.08 
1.37 
1.04 
0.82 
0.44 
1.93 
1.37 
0.89 
0.44 
0.22 
Figure 1 Variation of inhibition efficiency with inhibitor concentration 
in 1 N H2SO4 (1. HPT; 2, DPT; 3, APT; 4, CPT) 
99 
a 95 
91 
87 
-
v ^ ^ 
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inunersion time, inhibition efiSciency for DPT increases, 
showing the adsorption of inhibitor on carbon steel surface 
while inhibition efSciency for all other compounds decreases 
with an increase in immersion time showing the de-adsotption 
of inhibitor on carbon steel surface. 
The effectiveness of a compound as corrosion inhibitor 
depends on tiie structure of the organic compoimds (Quraishi 
a al, 1997). The presence of the (—C=C—) group in 
conjunction with aromatic ring plays a major role in 
increasing e£5ciency, and the inhibition of corrosion of 
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Figure 3 Variation of inhibition effidency with acid concentration in 
1 N H2SO4 (1, HPT; 2, DPT; 3, APT; 4, CPT) 
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Figure 4 Variation of inhibition effidency with add concentration in 
1 N HCI (1, HPT; 2. DPT; 3, APT; 4, CPT) 
99 
97 
a 95 
93 
91 
V 
^^ ^^ S^ ' 
- v^^ 
• \ 
' • 
1 2 
Acid Con. (N) 
—'2 
"~~'4 
- - 1 
3 
Figure 5 Variation of inhibition efficiency with soluti'on temperature in 
1 N H2SO4 (1. HPT; 2, DPT; 3, APT; 4, CPT) 
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Figure 6 Variation of inhibition efficiency with solution temperature in 
1 N HCI (1, HPT; 2, DPT; 3, APT; 4, CPT) 
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Figure 7 Variation of inhibition efficiency with immersion time in 1 N 
H2SO4 (I.HPT; 2,DPT; 3,APT; 4,CPT) 
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Figure 8 Variation of inhibition efficiency with immersion time in 1 N 
HCI (1 , HPT; 2, DPT; 3, APT; 4, CPT) 
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carbon steel in acidic solutions by these compounds can be 
e^^lained on the basis of their molecular structure. It is 
apparent from their molecular structures that these 
compounds can be adsorbed on the metal surface through 
IT- electrons of aromatic ring and lone pair of electrons of N-
and S- atoms. Among the compounds investigated in the 
present study, CPT was found to give the best performance as 
corrosion inhibitor. This can be explained on the basis of the 
presence of an additional 77- bond between carbon atoms 
(—C=C—) in conjunction with an aromatic ring. These 
extensively delocalized if- electrons favor greater adsorption 
on the metal surface, as compared to other compoimds. The 
lesser inhibition efficiency shown by HPT may be attributed 
to the orientation of substituted groups, which prevent their 
flat orientation on the metal surface, thereby causing less 
VMime 55 • Number 2 • 2008 • 60-65 
Table III Corrosion rate and inhibition efficiency of various inhibitors at 
500 ppm concentration at different temperatures obtained by weight-
loss measurement in 1 N H2SO4 and 1 N HCI 
Inhibitor io°C 40°C 50°C 
concentration CR IE CR IE CR IE 
(ppm) (mmpy) (percent) (mmpy) (percent) (mmpy) (percent) 
1 N H2SO4 
HPT 
DPT 
APT 
CPT 
1 NHCI 
HPT 
DPT 
APT 
CPT 
76.73 
2.89 
1.06 
0.56 
0.44 
62.41 
3.01 
3.56 
1.89 
0.95 
-
96.2 
98.6 
99.3 
99.4 
-
95.2 
94.3 
96.9 
98.5 
98.41 
5.68 
0.44 
1.95 
1.67 
156.58 
15.43 
4.18 
6.24 
5.07 
-
94.2 
99.5 
98.0 
98.3 
-
90.1 
97.3 
95.0 
96.8 
157.08 
12.37 
0.50 
4.68 
5.46 
236.66 
24.79 
2.17 
10.86 
12.03 
-
92.1 
99.7 
97.0 
96.5 
-
89.5 
99.1 
95.4 
94.9 
Table IV Activation energy ( f j and free energy of adsorption (A Gads) 
for cariion steel in 1 N H2SO4 and 1 N HCI in the absence and presence 
of various inhibitors 
Inhibitor concentration (ppm) ^ (K Cal/mol) 
-A6«i,(KCal/mol) 
30°C 40'>C 50°C 
1 N H2SO4 
HPT 
DPT 
APT 
CPT 
IN HCI 
HPT 
DPT 
APT 
CPT 
7.04 
14.18 
9.28 
20.60 
24J5 
12.82 
20.16 
8.06 
16.82 
24.46 
-
9.39 
9.98 
10.40 
10.55 
-
9.24 
9.09 
9.53 
9.98 
-
9.42 
10.99 
10.11 
10.23 
-
9.07 
9.89 
9.67 
9.82 
-
9.51 
11.58 
10.17 
10.08 
-
9.31 
10.90 
9.88 
9.83 
Figure 9 Temkin's adsorption isotfierm plots for the adsorption of 
various inhibitors in 1 N H2SO4 (1, HPT; 2, DPT; 3, APT; 4, CPT) 
0.98 
0.96 
0.94 
0.92 
0.90 
0.88 
-
• ^ 
1 
V^ 
q^ 
1 
''"'^a/i 
I 
?2 
^\ 
, 
2.2 2.4 2.6 
Log C (ppm) 
2.8 
adsorption and thereby consequently lower inhibidon 
efficiency. A similar explanation was proposed in an earlier 
publication (Quraishi a aL, 2000). The IE of APT was higher 
than that of DPT is due to the presence of the unshared pair 
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Figure 10 Temkin's adsorption isotherm plots for the adsorption of 
various inhibitors in 1 N HCI (1, HPT; 2, DPT; 3, APT; 4, CPT) 
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Figure 11 Potentiodynamic curves for cartwn steel in 1 N H2SO4 in the 
presence and absence of 500 ppm of various Inhibitors (1,1N H2SO4; 2, 
HPT; 3, DPT; 4, APT; 5, CPT) 
0.01 0.1 1.0 10 
Current density (mA cm"') 
100 
Table V Electrochemical polarization parameters for the corrosion of 
carbon steel in 1 N H2SO4 and HCI containing optimum concentration of 
various inhibltoiS at 25°C 
IntiibHor 1 N H2SO4 1 N HO 
concentra t ion ^orr 4orr IE ^ 4orr IE 
(ppm) 
Blanic 
HPMT500 
APMT500 
DPMT500 
CPMT500 
(mV) (m Acm"^(percent) (mV) (m Aon"*)(percent) 
-550 036 - -596 035 
-532 0.095 73.6 -605 0.10 71.4 
-540 0.060 83.3 -633 0.035 90.0 
-547 0.052 85.5 -600 0.019 94.6 
-532 0.0075 97.9 -605 0.005 97.7 
of electron of the N-atom. The better inhibition efficiency 
observed in 1 N H2SO4 compared to that in 1 N HCI 
solutions may be attributed to the difference in aggressiveness 
of the anions of the respective acids. Alternately, the behavior 
may be due to the difference in the extent of adsorption of 
chloride and sulfate ions present in acids. Chloride ions, 
which are strongjy adsorbed on the metal surface, leave less 
space for the inhibitor molectiles for adsorption, where as the 
lower adsorption of sulfate ions on the metal surface gives 
Wume 55 • Number 2 • 2008 • 60-65 
Figure 12 Potentiodynamic curves for carbon steel in 1 N HCI in the 
presence and absence of 500ppm of various inhibitors (1, IN HCI; 2, 
HPT; 3, DPT; 4, APT; 5, CPT) 
0.01 0.1 l.O 
Current density (mA cm"^ ) 
more space for the adsorption of inhibitor molecules and 
thereby die inhibition of corrosion is enhanced (Muralidharan 
and Iyer, 1995). 
The low and negative value of AG^a, indicates the 
spontaneous adsorption of inhibitors on the siirface of 
carbon steel. The negative values of AG,^ also suggest a 
strong interaction of the inhibitor molectiles with the carbon 
steel surface, (Elachouri a aL, 1996; Savidui and Mayaima, 
1996). 
The strai^t line obtained by the plot of 0 vs log C indicates 
the adsorption of these compoimds on the carbon steel in 1 N 
H Q and 1 N H2SO4 obeyed Temkin's Adsorption Isotherm, 
supporting tihe hypodiesis that corrosion inhibition by these 
compotmds results from adsorption on the metal surface. 
The maximttm decrease in looa was observed at 500 ppm 
concentration of each of these compounds. The maximum 
decrease in Icm was observed for CPT. In all these compoimds; 
fcotr values did not show any significant change in the presence 
of all the thiosemicarbazides except DPT, which acted 
predominantly as cathodic inhibitor in 1 N HCI. 
Conclusions 
* All of the thiosemicarbazides acted as efficient corrosion 
inhibitors in solutions of up to 3 N H Q and 3 N H2SO4. 
* All of the diiosemicarfoazides inhibited corrosion of carbon 
steel by adsorption on the metal smface. 
* Adsorption of tiie thiosemicarbazides on the carbon steel 
surface in both the add solutions obeyed the Temkin's 
adsorption isotherm relationship. 
* AU of the thiosemicarbazides examined acted as mixed-
type inhibitors in both 1 N HCI and 1 N H2SO4 with the 
exception of DPT, ^^ch predominandy behaved as 
cathodic inhibitors in 1 N HCI. 
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Abstract 
Four organic inhibitors namely, 5-nonyl-4-phenyl-3-niercapto-l, 2,4-triazoIe (NPMT), 5-
Undecyl-4-phenyl-3-mercapto-l, 2,4-triazoie (UPMT), 5-Pentadecyl-4-phenyl-3-
mercapto-1, 2,4-triazoIe (PPMT), 5-Heptadecyl-4-phenyl-3mercapto-l,2,4-triazole 
(HPMT) have been synthesized in the laboratory and their influence on the corrosion 
inhibition of mild steel (MS) in 20% formic acid and 20% acetic acid by weight loss and 
potentiodynamic polarization techniques were studied. Scanning electron microscopic 
study (SEM) was done to investigate the surface characterization of inhibited & 
uninhibited metal samples. The inhibition efficiency was found to vary with inhibitor 
concentration, immersion time, and acid concentration and solution temperature. Good 
inhibition efficiency (IE) was evidenced in both the acid solutions, even at concentration 
of 25 ppm. The adsorption of these compounds on the mild steel surface for both acids 
was found to obey langmuir's adsorption isotherm. The values of activation energy, free 
energy of adsorption, heat of adsorption, enthalpy of activation and entropy of activation 
were also calculated to elaborate the mechanism of corrosion inhibition. The 
potentiodynamic polarization data have shown that compounds studied are mixed type 
inhibitors. FT-IR &. NMR Study were also done in order to confirm the composition of 
synthesised inhibitor. 
* For correspondence (E-mail: maquraishi@rediffmail.com; Fax No. 0091+571+2700528) 
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Introduction 
Most of the researches on corrosion inhibition of metals have been done in mineral acids. 
Corrosion behaviour of iron and mild steel in organic acid solutions has attracted the 
attention of many investigators [1-3]. Mild steel is used in the fabrication of reaction 
vessels, storage tanks etc. by industries, which either manufacture or use organic acid as 
reactant. Organic acids rank among the most important chemicals in industry today. 
Rather than being used as final products, they serve as precursors to other chemicals. The 
reactive carboxyl group -COOH makes them a basic building block for many compounds 
such as drugs, pharmaceuticals, plastics and fibres. 
Organic compounds containing heteroatoms such as O, N, S and multiple bonds in their 
molecules are of particular interest as they give better inhibition efficiency than those 
containing N or S atom alone [4-8]. A survey of literature reveals that corrosion inhibitors 
derived from triazoles constitute an important and potential class of corrosion inhibitors on 
mild steel in acidic medium [9-11] 
In present investigation, the influence of four triazoles namely, 5-nonyl-4-phenyl-
3-mercapto-l, 2,4-triazole (NPMT), 5-Undecyl-4-phenyl-3-mercapto-l, 2,4-triazole 
(UPMT), 5-Pentadecyl-4-phenyl-3-mercapto-l, 2,4-triazole (PPMT), 5-Heptadecyl-4-
phenyl-3-mercapto-l, 2,4-triazole (HPMT) on corrosion inhibition of mild steel in 20% 
formic acid & 20% acetic acid have been reported. 
Experimental 
Material Preparation 
AR grade formic and acetic acid (MERCK) and doubled distilled water were used for 
preparing test solutions of 20% formic acid and 20%acetic acid for all the experiments. 
The inhibitors were synthesized in the laboratory following the procedure described by 
Kittur et al. [12] and the compounds were characterized through their spectral data and 
their purity was confirmed by thin layer chromatography (TLC). Name & structural 
formulas of the condensation products are given in Table 1. 
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FT-IR Spectroscopy 
The FT-IR spectroscopic study was used to investigate the purity of the synthesized compound. 
The results are listed below: 
i) 5-nonyl-4-phenyl-3mercapto-I,2,4-triazole (NPMT) - IR(KBr): 1734(C=N), 1410 
(C-N), 2362 (S-H), 2848 (C-H), 925 (CeHs), 1234 (CHj) cm*'. 
ii) 5-Undecyl-4-phenyl-3-mercapto-l,2,4-triazole(UPMT)-IR(KBr) 1606(C=N), 1313 
(C-N), 1733 (S-H), 2984 (C-H), 999 (CgHs), 1252 (CH3) cm"', 
iii) 5-Pentadecyl-4-phenyl-3-mercapto-l,2,4-triazole (PPMT)- IR(KBr): 1640(C=N), 
1311 (C-N), 2354 (S-H), 2911 (C-H), 915 (CeHj), 1203 (CH3) cm'. 
iv)5-Heptadecyl-4-phenyl-3-mercapto-l,2,4-triazole (HPMT) - IR(KBr): 1558(C=N), 
1315 (C-N), 2364 (S-H), 2850 (C-H), 917 (CgHs), 1203 (CH3) cm'. 
NMR Spectroscopy 
NMR Spectral data (6CDCI3) 
7.388 (5H,C6H5), 1.180 (IH, SH), 0.983 (3H, CH3), 2.245 (16H, (CH2)8) 
Weight loss Determination 
The mild steel samples having composition, (Wt %): 0.14% C, 0.35% Mn, 0.17% Si, 
0.025% S, 0.03% P and balance Fe has been used for the experiment. The mild steel 
sample of size 2.0 cm x 2.0 cm x0.025 cm were used for weight loss measurement studies. 
Weight loss measurement studies were carried out at various temperatures ranging from 30 
to 60**C for various immersion times from 24 to 120 hrs. The experiments were performed 
as per ASTM method described previously [13]. The inhibition efficiency of the inhibitors 
was calculated by using the following equation: -
CKo" CRj 
IE= xlOO (1) 
CRo 
where 
CRo = Corrosion rate of blank formic and acetic acid 
CRj = Corrosion rate after adding inhibitors. 
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Electrochemical studies 
For potentiodynamic polarization studies of mild steel strips of the above composition, 
coated with commercially available lacquer with an exposed area of 1.0 cm^ were used 
and the experiments were carried out at temperature (30 ± 1 °C). Equilibrium time leading 
to steady state of the specimens was 30 minutes. Sweep rate in potentiodynamic 
experiment was 1 mV/sec. Potentiodynamic polarization studies were carried out using an 
EG & G Princeton Applied research (PAR) potentiostat / galvanostat (model 173), a 
universal programmer (model 175) and a X-Y recorder (model RE0089). A platinum foil 
was used as auxiliary electrode and a saturated calomel electrode (SCE) was used as 
reference electrode. The CR was calculated using the following formula [14], 
O.OxIcorrXEW 
CR = (2) 
D 
where, 
IcoiT = Corrosion current density in \iA/cm'. 
EW = Equivalent weight of the metal in gram. 
D = Density of the metal in g/cm .^ 
Scanning Electron Microscopy 
Scanning electron microscope (SEM) Model No 435 VP LEO was used to study the 
morphology of corroded surface in presence and absence of inhibitors. The specimens 
were thoroughly washed with double distilled water before putting on the slide. The 
photographs have been taken from that portion of specimen from where better 
information was obtained. They were photographed at appropriate magnifications. To 
understand the morphology of the steel surface in absence and presence of inhibitors, the 
following cases have been examined, 
i) Polished mild steel specimen 
ii) Mild steel specimen dipped in 20% formic acid 
iii) Mild steel specimens dipped in 20% formic acid containing 500ppm 
concentration of UPMT inhibitors. 
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Results and Discussion 
Weight loss studies 
The values of percentage inhibition efficiency (%IE) and corrosion rate (CR) obtained 
from weight loss method at different concentrations at 30°C are summarized in Table 2. It 
has been found that all of these compounds inhibit the corrosion of mild steel in formic 
and acetic acid solution, at all concentrations used in this study i.e., 25ppm - 500 ppm. It 
has also been observed that the inhibition efficiency for all of these compounds increases 
with the increase in concentration variation as shown in Fig.la & I'a. 
It is observed that the tested triazoles shows a decrease in the inhibition efficiency 
with the increase in the immersion time from 24 to 120 hours in formic as well as in acetic 
acid. This shows the persistency of the adsorbed triazole over a longer test period. 
Inhibition efficiency of all the compounds against the immersion time is shown in Fig. lb 
&rb. 
The variation of IE with solution temperature is shown in Fig. Ic & I'c. It can be seen 
that IE for compounds such as NPMT, UPMT, PPMT and HPMT increases with increase 
in temperature from 30°C to 60°C indicating that the inhibitive film formed on the metal 
surface is protective in nature up to 60°C. The effect of acid concentration of formic and 
acetic acid is shown in Fig. Id & Id'. With the increase in concentration of formic acid, 
the IE initially increases and attains maxima at 20%acid concentration and thereafter 
decreases on further increase in acid concentration to 30%. The IE decreases slightly with 
increase in acetic acid concentration. 
The degree of surface coverage (9) for different inhibitor concentrations in 20% 
formic acid and 20% acetic acid at 30°C over 24-hour immersion time was evaluated 
from weight loss values. The data were tested graphically by fitting to various isotherms. 
A plot of log (6/1-0) versus 1/T is shown in Figure 2a and 2'a. The plot gives the values 
of heat of adsorption (Q), which is determined from the slope (= -Q/2.303R). The values 
for the heat of adsorption are presented in Table 3. The values of heat of adsorption for 
the inhibitors in formic and acetic acid is found to be less than (-40kJ mol''); except for 
UPMT in formic acid. This indicates that all the inhibitors used except UPMT are 
adsorbed physically [15]. 
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It has been reported by a number of authors [16-18] that, in acid solution, the logarithm 
of the corrosion rate is a linear function of 1/T (Arrhenius equation): 
L o g ( R a . e ) = ^ . A - - ( 3 ) 
where, E°a is the apparent activation energy, R the general gas constant and A the 
Arrhenius pre exponential factor. A plot of log (corrosion rate) versus 1/T gave straight 
lines as shown in Figure 2b and 2'b. The values of activation energy (E° ) obtained from 
the slope of the lines are given in Table 3. An alternative formula for the Arrhenius 
equation in the transition state equation: 
Rate = -rrexpl ^ |exp| - ^ ^ | (4) 
where, h is the Plank constant, N the Avogadro's number, AS° the entropy of activation, 
and AH" the enthalpy of activation. A plot of log (CR/T) versus 1/T should give a straight 
line, (Figure 2c and 2c') with a slope of (-AH° /2.303 R) and an intercept of [(log (R / 
Nh) +.(AS7 2.303 R)], from which the values of AS° and AH° were calculated and are 
listed in Table 3. The data show that the values of thermodynamic activation function ( 
E°a) of the corrosion in mild steel in 20% formic acid and 20% acetic acid solution in the 
presence of the inhibitors are lower than those in the free acid solution, indicating that all 
the inhibitors exhibit high inhibition efficiency at elevated temperatures [19]. Such 
inhibitors are bound to the surface by specific adsorption forces or by chemisorption as a 
result of which a surface film of reaction product is formed [15]. The chemisorption 
process in the film formation with a strong attractive force is likely to be exothermic 
resulting in lowering of the activation energy [20]. The values of AH° (Table 3) is in the 
order UPMT > NPMT > PPMT > HPMT which is an indicative of the existence of 
energy barrier at elevated temperature [19]. The values of activation AS" in the absence 
and presence of the inhibitors are large and negative. This indicates that the activated 
complex in the rate determining step represents an association rather than a dissociation 
step, meaning that a decrease in disorder ness takes during the course of transition from 
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reactants to the activated complex [21]. The average value for free energy of adsorption 
(AGads), calculated using the following equations [22] are given in Table 3. 
. AGads = - RT In (55.5 K) (5) 
and K is given by: 
K = 0/C(1 - 0) (6) 
where, 0 is degree of coverage on the metal surface, C is concentration of inhibitor in mol 
r', K is equilibrium constant, R is a gas constant and T is temperature. It is found that the 
AGads values for the studied compound at higher temperature is less than -40 kJ mol' 
indicating that the triazoles are physically adsorbed on the metal surface except for a 
slight increase in AGads values for UPMT in formic acid, showing chemical adsorption 
[23]. 
Thevlow and negative value of AGads indicates the spontaneous adsorption of inhibitor 
on the surface of mild steel [24]. It was also found that value of activation energy of the 
inhibited systems were lower than that of uninhibited system. Putilova [19] has suggested 
that this type of inhibitor is effective up to higher temperature. 
The Plot of log (weight loss) versus Immersion time as shown in Figure (2d), gave a 
straight line indicating that it follows first order reaction. The value of rate constant is 
calculated by using the first order rate law [25]. 
k = 2.303 log [AQ] (7) 
t [A] 
. where [Ao] is the initial mass of the metal and [A] is the mass corresponding to time t. 
The half-life (ti/2) values were calculated using the relationship [26]. 
t,/2=0.693/k (8) 
The values of rate constants and half-life (ti/2) obtained from the above relations are 
summarized in Table 4. Half-life values were found to be constant at different immersion 
time .The order of effectiveness of inhibitors were observed as UPMT > NPMT > PPMT 
> HPMT in 20% formic acid and UPMT > NPMT > HPMT > PPMT in 20% acetic acid. 
The constant values of rate constant further confirmed that the corrosion of mild steel in 
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20% formic acid and in 20% acetic acid in presence of different inhibitor follows first 
order kinetics. 
Application of Adsorption isotherm 
The mechanism of corrosion inhibition may be explained on the basis of adsorption 
behaviour of inhibitors [27]. The degrees of surface coverage (6) for different inhibitor 
concentrations were evaluated from weight- loss data. Fitting of data to various isotherms 
was tested graphically. A plot of log 9/(1-9) vs. log C shows a straight line (Figure 3 & 
3') indicating that adsorption follows the Langmuir isotherm. 
0 /(I - 6) = k C exp (- Gads/RT) (9) 
where Gads is the free energy of adsorption and C is the inhibitor concentration. 
Potentiodynamic polarization 
The cathodic and anodic polarization curves of mild steel in 20% formic and 20%acetic 
acid in the absence and presence of different inhibitors at 500-ppm concentration at 28 ± 
2 °C are shown in (Figure 4 & 4'). Electrochemical pararneters such as corrosion current 
density (Icoir), corrosion potential (Ecotr) and inhibition efficiency (IE) were calculated 
from Tafel plots and are given in Table 5. A maximum decrease in Icorr vvas observed for 
UPMT. It is also observed from Table 5 that (£corr) values and Tafel slope constants ba 
and be do not change significantly in inhibited solution as compare to uninhibited 
solution. It is seen from the results that triazoles do not shift Econ values significantly 
thereby suggesting that they are mixed type inhibitors. This type of behaviour has been 
observed for mild steel in acid solution containing 2-hydrazino-6-methyl-benzothiazole 
[28]. 
Mechanism of corrosion inhibition 
The corrosion of mild steel in non-aqueous and aqueous solution may occur in the 
following steps [29]: 
Fe+HCOO- • [Fe (HCOO)]ads +6" (10) 
[Fe(HCOO)]ads • [Fe(HCOO)]^ +e" (11) 
[Fe (HCOO)]* + H^ ^ i = ^ Fe ^  + HCOOH (12) 
The evolution of hydrogen occurs due to the following cathodic reaction: 
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-(13) 
-(14) 
The adsorption of formate ions on the surface of iron is a prerequisite for the anodic 
dissolution to occur, thus the rate of corrosion should depend on the concentration of 
formate ion in the solution. The conductance of formic acid solution gradually increases 
in concentration range from 5% - 20%. As a result, the extent of adsorption of formate 
ion, as well as the rate of step (9) increases and consequently the rate of corrosion also 
increases. ^ 
The triazoles inhibit the corrosion by controlling both the anodic and cathodic 
reactions. In acidic solutions these compounds exist as protonated species. These 
protonated species adsorb on the cathodic sites of the mild steel and decrease the 
evolution of hydrogen. The adsorption on anodic sites occurs through the n- electrons of 
aromatic rings and lone pair of electrons of nitrogen and sulphur atoms [30]. 
Among the compounds investigated, the order of IE is: 
UPMT > NPMT > PPMT > HPMT 
(CM) ( C ) (C,5) (C,7) 
UPMT gives the best performance as corrosion inhibitor. In general trend, the IE 
increases with increase in the chain length but it also decrease as we increase chain length 
after C| I due to decreased solubility and increased steric hindrance [31]. 
Conclusions 
(i) The triazole derivatives showed good performance as corrosion inhibitors in 
formic acid and acetic acid media. 
(ii) All of the four triazoles, inhibited corrosion by adsorption mechanism and the 
adsorption of these compounds from, acid solution followed Langmuir's 
adsorption isotherm. 
(iii) All the compounds examined acted as mixed inhibitors in formic and acetic acid 
solutions. 
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Table I. 
Name, structures and molecular weights of the compounds used 
S No Structure Designation and abbrevation 
1. 
N N 
•I, CH3(CH2)8^^j,j'^SH 
5-Nonayl- 4-PhenyI 3-mercapto-1,2,4 Triazole 
(NPMT) 
CH3(CH2),o-^^N/^SH 
N N 
I. 
5-Undecyl- 4-Phenyl 3-mercapto 1,2,4 Triazole 
(UPMT) 
N N 
5-Pentadecyl- 4-Phenyl 3-mercapto 1, 2,4 Triazole 
(PPMT) 
4. 
N N 
I 'i CH3(CH2),6/''--N^SH 
5-Heptadecyi- 4-Phenyl 3-mercaptol, 2,4 Triazole 
(HPMT) 
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Table 2 
Corrosion parameters for mild steel in aqueous solution of 20% formic acid and 
20%acetic acid in absence and presence of different concentrations of various inhibitors 
from weight loss measurements at 30 °C for 24 h. 
Inhibitor Cone. 
(ppm) 
Blank 
UPMT 
25 
50 
100 
300 
500 
NPMT 
25 
50 
100 
300 
500 
PPMT 
25 
50 
100 
300 
500 
HPMT 
25 
50 
100 
300 
500 
20% Formic acid 
Weight loss IE 
(mg) 
308.21 
23.53 
14.94 
9.76 
6.01 
3.26 
30.10 
18.98 
13.67 
9.18 
5.57 
33.15 
25.78 
17.93 
10.10 
8.87 
43.96 
35.24 
23.60 
16.48 
9.76 
(%) 
^ 
92.36 
95.18 
96.83 
98.05 
98.94 
90.23 
93.84 
95.56 
97.02 
98.19 
89.24 
91.63 
94.18 
96.72 
97.15 
85.73 
88.56 
92.34 
94.65 
96.83 
CR 
(mmpy) 
14.31 
1.09 
0.69 
0.45 
0.28 
0.15 
1.39 
0.88 
0.65 
0.43 
0.26 
1.54 
1.19 
0.83 
0.47 
0.41 
2.04 
1.64 
1.09 
0.76 
0.45 
20% Acetic acid 
Weight loss 
(mg) 
150.36 
11.51 
9.37 
8.72 
7.12 
5.75 
14.42 
12.29 
10.13 
9.30 
8.16 
19.14 
15.73 
12.83 
10.59 
8.97 
22.05 
19.79 
17.40 
13.88 
12.74 
IE 
(%) 
_ 
92.34 
93.76 
94.20 
95.26 
96.17 
90.40 
91.82 
93.26 
93.81 
94.57 
87.26 
89.53 
91.46 
92.95 
94.03 
85.19 
86.83 
88.42 
90.76 
91.50 
CR 
(mmpy) 
6.97 
0.53 
0.44 
0.41 
0.33 
0.27 
0.67 
0.57 
0.47 
0.43 
0.38 
0.89 
0.73 
0.59 
0.49 
0.42 
1.03 
0.92 
0.81 
0.65 
0.59 
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Table 3 
Thermodynamic activation parameters for mild steel in 20% formic acid 
and 20%acetic acid in absence and presence of inhibitors of 500-ppm concentration. 
Inhibitor concentration Ea 
(ppm) 
20% Formic acid 
UPMT 
NPMT 
PPMT 
HPMT 
20% Acetic acid 
UPMT 
NPMT 
PPMT 
HPMT 
(KJ mol"') 
51-24 
25^86 
37.A3 
^ .12 
49.64 
2€.45 
2-0.27 
18.16 
16.30 
25:4.3 
-AH 
(KJ moP') 
25.53 
31.93 
12.76 
9.57 
7.66 
28.72 
12.76 
9.57 
5.11 
4.79 
-AS 
a mof'K') 
226.31 
270.36 
262.69 
255.99 
253.12 
222.49 
260.78 
255.04 
250.25 
245.46 
-AGads 
(KJ mof') 
. 
39-96 
39.09 
38.23 
37.97 
. 
37.80 
36.07 
36.25 
35.18 
- ^ , (KJmor') 
. 
39.57 
25.53 
15.96 
6.38 
_ 
21.06 
17.03 
14.68 
5.74 
Table 4 
Half-life (h) values for the corrosion of mild steel at different immersion time 
in 20% formic acid and 20% acetic acid in absence and presence of inhibitors of 
500-ppm concentration at 30° C. 
Inhibitor concentration 
(ppm) 
20%Formic acid 
UPMT 
NPMT 
PPMT 
HPMT 
20%Acetic acid 
UPMT 
NPMT 
PPMT 
HPMT 
klO"* 
I2.%7±0.06o8 
l.24±0.0002 
l.64±0.0001 
2.22±0.0002 
2.90±0.0004 
7.5'5±0.0089 
l.67±0.0002 
2.24±0.0005 
^.OS±OM02 
5.91+0.0009 
tl/2 
538.46 
5588.71 
4233.35 
3116.01 
2387.18 
917.88 
4162.16 
3093.75 
2272.58 
1172.43 
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Table 5 
Electrochemical polarization parameters for the corrosion of mild steel in 20% formic 
acid and 20%acetic acid containing 500-ppm inhibitors at 30 °C. 
Inhibitor concentration 
(ppm) 
•^COIT 
(mV) 
IE 
(mAcm-^) (%) (mVdec-') (mVdec-) 
20%Fonnic acid 
UPMT 
NPMT 
PPMT 
HPMT 
20%Acetic acid 
UPMT 
NPMT 
PPMT 
HPMT 
-416 
-420 
-402 
-423 
-395 
-402 
-406 
-390 
-412 
-418 
0.350 
0.0035 
0.0051 
0.0094 
0.0154 
0.240 
0.005 
0.039 
0.034 
0.024 
-
99.02 
98.54 
97.30 
95.60 
97.90 
94.70 
93.90 
90.83 
68 
64 
60 
66 
70 
60 
52 
54 
58 
56 
104 
106 
100 
112 
120 
100 
96 
92 
104 
98 
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CAPTION FOR FIGURES 
Fig. 1 —Variation of inhibition efficiency with (a) inhibitor concentration, (b) immersion 
time, (c) solution temperature, (d) acid concentration in 20% formic acid (1: 
UPMT; 2: NPMT; 3: PPMT; 4: HPMT) 
Fig. r —Variation of inhibition efficiency with (a) inhibitor concentration, (b) immersion 
time, (c) solution temperature, (d) acid concentration in 20% acetic acid (1: 
UPMT; 2: NPMT; 3: PPMT; 4: HPMT) 
Fig. 2— (a) Adsorption isotherm plot for log (9/1-9) versus 1/T; (b) Adsorption 
isotherm plot for log (CR) versus 1/T; (c) Adsorption isotherm plot for log 
(CR/T) versus 1/T; and (d) Half-life plot for log (weight loss) versus immersion 
time in 20% formic acid (1: UPMT; 2: NPMT; 3: PPMT; 4: HPMT; 5: Blank) 
Fig. 2' — (a) Adsorption isotherm plot for log (0 /I- 9) versus 1/T; (b) Adsorption 
isotherm plot for log (CR) versus 1/T; (c) Adsorption isotherm plot for log 
(CR/T) versus 1/T; and (d) Half-life plot for log (weight loss) versus immersion 
time in 20% acetic acid (1: UPMT; 2: NPMT; 3: PPMT; 4: HPMT; 5: Blank) 
Fig. 3 — Langmuir's adsorption isotherm plots for the adsorption of various inhibitors on 
the surface of mild steel in a) 20% formic acid b) 20% acetic acid. (1: UPMT; 2: 
NPMT; 3: PPMT; 4: HPMT; 5: Blank) 
Fig. 4 — Potentiodynamic polarization curves for aluminium containing 500-ppm 
concentration of various azathiones in a) 20% formic acid b) 20% acetic acid. 
(l:Blank; 2: HPMT; 3: PPMT; 4: NPMT; 5: UPMT) 
Fig. 5 — Scanning electron micrographs for 
a) Polished mild steel b) Mild steel in 20% formic acid c) Mild steel in 20% 
formic acid + 500ppm UPMT 
O Unhrerstty of Manchester and the authors 2006. This is a preprint of a paper that has been submitted for publication in the Journal of 
Corrosion Science and Engineering. It will be reviewed and, subject to the reviewers' comments, be published online at 
http7/www.jcse.org in due course. Until such time as it has been fully published it should not normally be referenced in published work. 
Srie«;ea i^i^ iH!rii| / " 
ISSN 1466-8858 Volume 10 Preprint 12 18 September 2006 
~ ^ ^ 
"%. \ 
Scanning electron micrographs for 
a) Polished mild steel b) Mild steel in 20% formic acid c) Mild steel in 20% 
formic acid + 500ppm UPMT 
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Abstract 
Fattyacid thiosemicarbazides namely 2-Undecane-4-Phenylthiosemicarbazide(UPTS), 2-
Pentadecane-4Phenylthiosemicarbazide(PPTS),2-Heptadecane-4Phenylthiosemicarbazide 
(HPTS), 2-Nonane-4 Phenylthiosemicarbazide (NPTS) were synthesized in the 
laboratory and their influence on the inhibition of corrosion of mild steel (MS) in aqueous 
solution containing IN HCI was investigated by weight loss and potentiodynamic 
polarization techniques. The inhibition efficiency (IE) of these compounds was found to 
vary with concentration, temperature and immersion time. Good inhibition efficiencies 
(IE) were evidenced in the hydrochloric acid solution. The adsorption of these 
compounds was found to obey Langmuir adsorption isotherm. Scanning electron 
microscopy(SEM) of mild steels samples is performed to showed adsorption of inhibitors 
on metal surface. Various thermodynamic parameters were also calculated to investigate 
the mechanism of corrosion inhibition. Potentiodynamic polarization data showed that 
the compounds studied are mixed type inhibitors in the acid solution. 
Keywords: Corrosion inhibitors; Thiosemicarbazide; Mild steel; Adsorbtion; 
Potentiodynamic polarization; SEM 
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Introduction 
Corrosion of metals is major problems which causes heavy economic losses. 
Corrosion commonly occurs at metal surfaces in the presence of oxygen and 
moisture and involves electrochemical reactions. In acidic medium hydrogen 
evolution reactions predominates while in neutral medium reduction of oxygen 
takes places. Corrosion inhibitors reduce and prevent these reactions by adsorbtion 
on the metal surface and act by forming a barrier to oxygen and moisture, by 
complexing with metals ions or by removing corrodents from the 
environment,some of the inhibitors facilitate formation of passivating film on the 
metal surface. Many organic compounds are used as corrosion inhibitors in acidic 
environments in various industries [1-2]. Acid inhibitors has wide applications in 
the industrial field as a component in pretreatment composition, in cleaning 
solution for industrial equipments and in acidization of oil wells and in 
petrochemical plants [3]. 
Most of the effective organic inhibitors used in industry have heteroatoms such as 
O, N, S containing multiple bonds in their molecules through which they can 
adsorb on the metal surface [4-7]. The corrosion inhibiting property of these 
compounds is attributed to their molecular structure. The planarity (ji) and lone pair 
of electrons present on heteroatom are the important structural features that 
determine the adsorption of these molecules on the metal surface. In continuation 
of earlier work on the development of acid corrosion inhibitorsi [8-15], the present 
work includes the inhibiting behaviour of fatty acid thiosemicarbazides namely 2-
Undecane-4-Phenylthiosemicarbazide(UPTS), 2-Nonane-4.- Phenylthiosemicarbazi 
-de, 2-Heptadecane-4-Phenylthiosemicarbazide, 2- Heptadecane-4-Phenylthiosemi-
carbazide. 
Experimental 
Material Preparation 
Experiments were performed with cold rolled mild steel strips of size 2.0cm x 
2.5cm x 0.2cm having composition, (wt%): 0.14%C, 0.35% Mn, 0.17%Si, 
0.025%S, 0.03%P and remaining iron Fe as per standard methods [16]. The 
inhibitors were synthesized in the laboratory following the procedure described 
earlier [17]. Name, structural formules, melting points and molecular weight of the 
condensation products are given in Table 1.These inhibitors were characterized 
through their IR and NMR spectral data and their purity was confirmed by thin 
layer chromatography (TLC) .IR and NMR spectral data of most effective 
compound UPTS is mentioned in Table I. 
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Weight Loss Determination 
Mild steel coupons of size 2.0cm x 2.5cm x 0.2cm were used. The specimens were 
degreased using acetone and finally dried. The cleaned specimens were weighed 
before and after the experiments. Weight loss studies were carried out at various 
temperatures ranging from 30 to 60°C and for various immersion times from 3 to 
24 hours. The aggressive solutions used were made of AR grade 35% HCI 
appropriate concentrations of acid were prepared using double distilled water. The 
concentration range of inhibitor employed was 100 to 500 ppm in the hydrochloric 
acid. The inhibition efffciency (%) of the inhibitors was calculated by using the 
following equation: 
IE=CRo-CRi X 100 
CRo 
Where 
CRo = Corrosion rate of blank hydrochloric acid. 
CRi = Corrosion rate after adding inhibitors. 
Potentiodynamic polarization studies 
Potentiodynamic polarization studies were carried out using an EG & G Princeton 
Applied research (PAR) potentiostat / galvanostat (model 173), a universal 
programmer (model 175) and a X-Y recorder (model RE0089). A platinum foil was 
used as auxiliary electrode and a saturated calomel electrode (SCE) was used as 
reference electrode and mild steel was used as working electrode. All the 
experiments were carried out at temperature (30 ± I °C). Equilibrium time leading 
to steady state of the specimens was 30 minutes. Sweep rate in potentiodynamic 
experiment was 1 m V/sec. 
Scanning Electron Microscopy 
Scanning electron microscope (SEM) Model No 435 VP LEO, was used to study 
the morphology of corroded surface in presence and absence of inhibitors. The 
specimens were thoroughly washed with double distilled water before putting on 
the slide. The photographs have been taken from that portion of specimen from 
where better information was obtained. They were photographed at 3000ji 
magnification. To understand the morphology of the steel surface in absence and 
presence of inhibitors, the following cases have been examined. 
(i) Polished mild steel specimen 
(ii) Mild steel specimen dipped in IN HCI 
(iii) Mild steel specimens dipped in IN HCI containing 500 ppm concentration. 
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Results and Discussion 
Weight loss studies 
Effect of Concentration on inhibition efficiency 
The values of percentage inhibition efficiency (%IE) and corrosion rate (CR) 
obtained from weight loss metho(f at different concentrations at 30°C are 
summarized in Table 2. It has been found that all of these compounds inhibit the 
corrosion of mild steel in HCI solution, at all concentrations used in this study i.e., 
100 ppm -500 ppm. It has also been observed that the inhibition efficiency of these 
compounds increases with the increase in concentration of inhibitor variation as 
shown in Fig. 1. 
Effect of Temperature on inhibition efficiency 
The variation of IE with solution temperature is shown in Fig. 2. It can be seen that 
IE for all inhibitors did not cause a significant change with an increase in 
temperature from 30°C to 60°C indicating that the inhibitive film formed on the 
metal surface is protective in nature at higher temperatures. 
Effect of immersion time on inhibition efficiency 
The variation of Inhibition efficiency in all four fatty acids thiosemicarbazides with 
immersion time is shown in Fig. 3. It is observed that no significant change in IE 
occurred with the increase in immersion time from 3h to 24h. This shows the 
persistency of the adsorbed fatty acid thiosemicarbazides over a longer test period. 
Application of the principles of chemical kinetics to the results 
Adsorption Isotherm studies 
The degree of surface coverage (9) for different concentration of inhibitors in IN 
HCI at 30**C for 3 hour of immersion time has been evaluated from weight loss 
values. The datas were tested graphically by fitting to various isotherms. A straight 
line was obtained on plotting log (9 /I-9) versus log C asshown in Fig.4, suggesting 
that the adsorption of these compounds in HCI on mild steel surface follows 
Langmuir's adsorption isotherm. 
A plot of log 9 /I-9 versus 1/T is given in Fig.5, the plot gives the values for 
calculating heat of adsorption (Q) with a slope (-Q/2.303R). The values for the heat 
of adsorption are depicted in Table 3. The lower values of heat of adsorption for 
these inhibitors shows physical nature of adsorption [18]. 
It has been reported by a number of authors [19-21] that in acid solution, the 
logarithm of the corrosion rate is a linear function with l/T (Arrhenius equation): 
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Log (Rate) = - E^ a + A 
2.303 RT 
where, E°a is apparent effective activation energy , R is general gas constant and 
A is Arrhenius pre exponential factor. A plot of log of corrosion rate obtained by 
weight loss measurement versus 1/T gave straight line as shown in Fig.6 The 
values of activation energy (E° ) obtained from the slope of the lines are given in 
Table 3 .An alternative formula of the Arrhenius equation is the transition state 
equation: 
Rate = RT exp( AS°) exp(- AH° ) 
Nh (R) (RT) 
where, h is the plank s constant, N the Avogadro s number , AS" the entropy of 
activation, and AH° the enthalpy of activation. A plot of log (rate/T) versus 1/T 
give a straight line (Fig.7) with a slope of (- AH° /2.303 R) and an intercept of 
[(log( R/ Nh) +(AS7 2.303 R)], from which the values of AS" and AH° were 
calculated and are listed in Table 3. The data shows that the thermodynamic 
activation function (E°a) for inhibited system are higher than those in the free acid 
solution except HPTS indicating that all inhibitors except HPTS are more effective 
at room temperature .The E°a value for HPTS is less than those in free acid 
indicating that inhibitor exhibit high efficiency at elevated temperature [22].The 
value of AH" is more for all the inhibitors except HPTS indicating more energy 
barrier for the reaction in presence of inhibitor is attained [23].The lower value of 
AH" for HPTS indicates less energy barrier for the reaction in presence of the 
inhibitor is attained. The entropy of activation AS" in the absence and presence of 
the inhibitors are large and negative. This indicates that the activated complex in 
the rate determining step represents an association rather than a dissociation step, 
meaning that a decrease in disordering takes place on going from reactants to the 
activated complex [24]. Free energy of adsorption .(AGads) was calculated using the 
following equations [25] are given in Table 3. 
AGads = - RT In (55.5 K) 
and K is given by: 
K = 9/C(I-e) 
where 9 is degree of coverage on the metal surface, C is concentration of inhibitor 
in mole /I, K is equilibrium constant. It has been found that the values of AGads 
value is less than -40 k J/mol (-9.56 k Cal/mol) indicating that the 
thiosemicarbazides are physically adsorbed on the metal surface [26]. 
The negative value of AGads indicates the spontaneous adsorption of inhibitor on 
the surface of mild steel [27] .It was also found that the value of activation energy 
of the inhibited systems were lower than that of uninhibited system. Putilova [22] 
has reported that this type of inhibitor is effective at higher temperatures. 
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Potentiodynamic Polarization Studies 
The corrosion parameters such as Ecorr, Icorr, IE and CR obtained from Fig. 8 are 
given in Table 4. It is observed that the presence of the thiosemicarbazides 
decreases Icorr. values. Maximum decrease in Icorr, was observed in case of UPTS. 
The trend of the IE was founds to be same as that of weight loss study. Ecorr values 
do not show any significant change in presence of all the thiosemicarbazides in the 
acid solution suggesting that all these compounds are mixed type inhibitors (i.e., 
they retard the corrosion reaction by blocking both anodic and cathodic sites of the 
metal). 
Scanning electron microscopy 
It is seen in Fig 9 that the surface of mild steel immersed in inhibited solution is 
smoother than that in IN HCI alone. These observations suggest that inhibitors 
form protective layer on the metal surface, which prevent attack of acid on metal 
surface. 
Mechanism of corrosion inhibition 
Inhibition of corrosion of mild steel in the acidic solutions by the fatty acid 
thiosemicarbazides can be explained- on the basis of molecular adsorption. It is 
apparent from the molecular structures that these compounds are able to get 
adsorbed on the metal surface through n-electrons of aromatic ring and lone pair of 
electrons of N, O and S atoms, planarity n- electrons of a benzene ring and as a 
protonated species [28]. The presence of long hydrophobic chain also plays a role 
in IE by preventing acid solution away from metal surface. Among the compounds 
investigated in the present study, the order of IE has been found as follows:-
UPTS > NPTS > PPTS > HPTS 
(C„) (C9) (C,5) (C,7) 
It has been observed that IE of the tested thiosemicarbazides increased with the 
increase in chain length up to CM- A further increase in chain length up to Cn has 
been found to decrease the IE. 
Conclusions 
> The fatty acid thiosemicarbazides shows good performance as corrosion 
inhibitors in hydrochloric acid media. The order of inhibition efficiency (%) of 
thiosemicarbazides is UPTS > NPTS > PPTS > HPTS. 
> All of the fatty acid thiosemicarbazides inhibit corrosion by adsorption 
mechanism and the adsorption of these compounds from acid solution follow 
Langmuir's adsorption isotherm. 
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> The Inhibition effiency increases with increasing inhibitor concentration, 
Inhibition effiency however did not change significantly with an increase in 
temperature and immersion time. 
> The lower values of Heat of adsorption (Q) for these inhibitors shows physical 
natufe of adsorption and lower values of AGads indicates that the inhibitors are 
physically adsorbed on the metal surface and negative value of AGads indicates the 
spontaneous adsorption of inhibitor on the surface of mild steel. 
> Higher values of thermodynamic activation function {E°i) for inhibited system 
than those in the free acid solution except HPTS indicating that ail inhibitors except 
HPTS are more effective at room temperature .The E°a value for HPTS is less than 
those in free acid indicating that inhibitor exhibit high efficiency at elevated 
temperature. 
> The value of AH° is more for all the inhibitors except HPTS indicating more 
energy barrier for the reaction in presence of inhibitor is attained .The lower value 
of AH° for HPTS indicates less energy barrier for the reaction in presence of the 
inhibitor is attained. 
> The entropy of activation AS° in the absence and presence of the inhibitors 
are large and negative. This indicates that the activated complex in the rate 
determining step represents an association rather than a dissociation step. 
> All the compounds examined acted as mixed inhibitors in HCI. 
> Scanning electron microscopy studies shows that inhibitors prevent corrosion 
by adsorption on the metal surface. 
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Table 1 Name and molecular structures of the compounds used 
4 July 2006 
O S 
w w 
R-C-NH-NH-C-NH 
< ! > 
S. 
No 
Structure Designation & Abbreviation 
3. 
R = CH,(CH2),, 
R = C H 3 ( C H 2 ) H 
R = CH3(CH2)i6 
R = CH3(CH2)8 
2-Undecane-4-Phenyl thiosemicarbazide 
(UPTS) 
2-Pentadecane-4-Phenyl thiosemicarbazide 
(PPTS) 
2-Heptatadecane-4-Phenyl 
thiosemicarbazide (HPTS) 
2- Nonane -4-Phenyl thiosemicarbazide 
(NPTS) 
IR Spectral data (significant bands v^ ax in cm" (KBr)) 
UPTS = 3280 (N - N), 2875 (CHj), 2820 (CH2 chain), 1618 (C = 0), 1450 (CeHj), 1290 
(ArC-N), 1I52(C-N), 1020 (C-S). 
NMR spectral data (5 CDCI3) 
UPTS = 1.38 (12 H, (CHzU 2.12 (2H, = CH - CH2), 2.38 (2H, COCH2), 4.92 (IH, N -
H), 5.19 (2H, CH2 = CH -), 5.97 (1 H, CH2 - CH - ) , 7.59 (5 H, CsHj), 9.18 (2H, NH -
NH),9.52(I H.HN-CeHj). 
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Table 2 Corrosion parameters for mild steel in IN HCI in absence and presence of 
different concentrations of various inhibitors from weight loss measurement at 30 °C 
for 3 h. 
Inhibitor 
cone 
(ppm) 
HCI 
UPTS 
100 
200 
300 
400 
500 
NPTS 
100 
200 
300 
400 
500 
PPTS 
100 
200 
300 
400 
500 
HPTS 
100 
200 
300 
400 
500 
Weight loss 
(mg) 
63.57 
21.5 
13.7 
7.9 
4.3 
0.2 
23.5 
17.0 
9.2 
4.8 
3.0 
24.9 
18.3 
10.2 
6.2 
3.7 
26.6 
19.2 
12.5 
6.8 
4.4 
IE 
(%) 
-
66.11 
78.35 
87.44 
93.12 
96.65 
62.99 
73.12 
85.36 
92.07 -
95.15 
60.67 
71.12 
83.85 
90.12 
94.02 
58.31 
69.72 
80.21 
89.23 
92.99 
CR 
(mmpy) 
23.62 
8.00 
5.11 
2.96 
1.62 
0.75 
8.74 
6.34 
3.45 
L82 
1.14 
9.28 
6.82 
3.81 
2.33 
1.41 
9.84 
7.15 
4.67 
2.54 
1.65 
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Table 3 Thermodynamic activation parameters for mild steel in 1 HCI in absence 
and presence of inhibitors of 500 ppm concentration. 
Inhibitors 
(SOOppm) 
Blank 
UPTS 
NPTS 
PPTS 
HPTS 
Ea 
(KJ mor') 
49.15 
75.23 
68.10 
58.32 
42.00 
-AH 
(KJ mor') 
51.79 
77.88 
70.72 
60.95 
44.65 
-AS 
(J mol/K-') 
159.31 
198.56 
196.07 
195.31 
192.43 
(KJ mo)') 
-
39.75 
39.47 
38.88 
36.93 
-Q 
(KJ mol') 
-
28.72 
26.48 
19.78 
14.87 
Table 4 Electrochemical polarization parameters for the corrosion of mild steel in 
IN HCI containing 500 ppm inhibitors at 30 °C. 
Inhibitor 
cone 
(ppm) 
HCI 
UPTS 
NPTS 
PPTS 
HPTS 1 
tcon 
(mV) 
-495 
-497 
-508 
-493 
-495 
•corr 
(mAcm"^) 
0.360 
0.025 
0.072 
0.082 
O.I 00 
IE 
(%) 
94.44 
80.12 
77.07 
72.05 
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CAPTION FOR FIGURES 
Fig 1- Variation of inhibition efficiency with inhibitor concentration for 10-100 ppm 
concentration of inhibitors (A.UPTS; O, NPTS ; •, PPTS; A,HPTS). 
Fig 2- Variation of inhibition efficiency with solution temperature in IN hydrochloric 
acid for 100 ppm concentration of inhibitors (A,UPTS; O, NPTS ; •, PPTS; A,HPTS ). 
Fig 3- Variation of inhibition efficiency with immersion time in IN hydrochloric acid for 
100 ppm concentration of inhibitors (A,UPTS; O, NPTS ; x, PPTS; A,HPTS). 
Fig 4- Langmuirs adsorption isotherm plots for the adsorption of various inhibitors in IN 
hydrochloric acid on the surface of mild steel (A,UPTS; O, NPTS ; x, PPTS; A,HPTS). 
Fig 5- Adsorption isotherm plot for log (9/I- 9) versus 1/T(A,UPTS; 0,NPTS ; x, PPTS; 
A,HPTS). 
Fig 6- Adsorption isotherm plot for log (CR) versus 1/T(A,UPTS; O, NPTS ; x, PPTS; 
A,HPTS). 
Fig 7- Adsorption isotherm plot for log (CR/T) versus 1/T( A,UPTS; O, NPTS ; x, PPTS; 
AHPTS). 
Fig 8- Potentiodynamic polarization curves of mild steel in IN hydrochloric acid 
containing 100 ppm concentrations of various thiosemicarbazides (1) Blank (2)HPTS (3) 
PPTS (4) NPTS (5) UPTS. 
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(a ) 
(b) 
(c) 
Fig 9 Scanning electron micrographs for mild steel surface in absence and presence o f 
inhibitors (a) mild steel in IN HCI (b) polished mild steel and (c) mild steel in presence 
o f M B C T . 
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